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ABSTRACT 
 
 
Most of the past seismic fragility studies on typical highway bridges in the 
Central and Southeastern United States (CSUS) have focused on regular multi-span 
bridges with little to no skew. However, past earthquakes and studies have shown that 
skewed multi-span simply supported bridges may also be susceptible to earthquake 
damage, specifically causing coupled responses (longitudinal and transverse) that place 
more demand on individual components. With over 27 percent of simply supported steel 
girder highway bridges in the CSUS having a skew angle over 15 degrees, there is a 
specific need to further quantify the vulnerability of such bridges exposed to seismic 
hazard. 
This study seeks to add to the current knowledge base of the seismic fragility of 
multi-span steel girder bridges in the CSUS by specifically addressing the issue of skew 
in the assessment. A sensitivity study of a three span bridge for each of the column, 
abutment, and bearing components along with the system as a function of skew angle is 
presented. This comparison indicates that bridge vulnerability appears to be largely 
unaffected by skew angles under 30 degrees, but larger skew angles do indeed result in 
more fragile bridge systems. Within this system the longitudinal components of the 
bridge become less fragile with increasing skew, but to a lesser degree than the transverse 
components becoming more fragile. Understanding the impact skew plays on seismic 
bridge fragilities will facilitate more robust regional risk analyses of highway systems. 
Another aspect of this study is a presentation of seismic fragility curves developed 
for skewed multi-span simply supported steel girder bridges. The fragility curves indicate 
 iii
that for skew angles les than thirty degrees bridge fragility is not significantly affected. 
Larger skew angles result in a more fragile system in relation to increasing skew values. 
A comparison between the number of spans and system fragility results in a significant 
decrease in system fragility with an increase in the number of spans. The implications of 
the effects of skew angle and the number of spans will greatly contribute to regional risk 
assessment procedures such as those presented by HAZUS-MH. 
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 CHAPTER ONE 
 
INTRODUCTION 
 
An understanding of the responses of highway bridges is essential to a functional 
transportation network. One of the risks commonly associated with highway bridges is a 
vulnerability to earthquakes. This is not just applicable to bridges located in high 
seismicity zones but is an important risk associated with moderate seismic zones. This 
paper presents two studies on a specific class of highway bridges typical to the Central 
and Southeastern United States (CSUS). Both of these studies examine the effect of 
skew, defined as the substructural elements not being perpendicular to the superstructure, 
on the failure probabilities associated with the bridge system and a number of its 
components. These probabilities are developed through the use of analytical seismic 
fragility curves; conditional probability statements relating a damage state to a given 
intensity measure.  
The first part of this paper presents a sensitivity analysis of a three span simply 
supported skewed steel girder bridge, typical of the CSUS. This sensitivity analysis is 
performed with respect to skew at the component and system level state. The components 
studied include the bearings, columns, and abutments. A methodology for the modeling 
of a skewed bridge is presented including a comparison of a centerline lumped mass 
model with a distributed mass model.  
The second part of the paper examines various multi-span simply supported 
(MSSS) skewed steel girder bridges. This study presents fragility curves developed for 
bridges with respect to skew angle and the number of spans. These fragility curves will 
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add to the existing knowledge base regarding skewed bridges. Also, since a time history 
analysis is used on a non-linear model, revised equations for HAZUS-MH are proposed.  
 3
CHAPTER TWO 
 
SENSITIVITY OF SEISMIC FRAGILITY CURVES TO SKEW FOR A THREE-SPAN 
SIMPLY SUPPORTED STEEL GIRDER BRIDGE 
ABSTRACT 
 Research in the past two decades shows the seismic vulnerabilities of many 
highway bridges, particularly those designed before strong consideration was given to 
seismic design. Much of the existing bridge inventory within the Central and 
Southeastern United States (CSUS) falls within this class of bridges. However, much of 
the past research regarding bridge vulnerability focuses on regular multi-span bridges 
without regard to skew. Past studies show that skewed bridges exhibit different behavior 
than non-skewed bridges do under seismic loading and are potentially more vulnerable. 
Thus, there is a real need to gain a clear understanding of the vulnerability of these 
skewed bridges located within the CSUS. This study explicitly looks at these 
vulnerabilities within the framework of seismic fragilities by performing a sensitivity 
analysis with respect to skew angle. 
 This paper uses a typical configuration of a three-span simply supported steel 
girder bridge, which is representative of the bridge inventory in the CSUS. A detailed 3D 
non-linear analytical model with distributed mass is used for the evaluation. This 
modeling scheme is therefore capable of capturing the coupled response between the 
longitudinal and transverse directions which is typical of skewed bridges. The resulting 
seismic fragilities are compared at both the component and system levels. At the system 
level the skew angle appears to have very little impact on the seismic fragility for low to 
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moderate levels of skew (< 30 degrees). However, a closer look at the components shows 
a prominent shift of vulnerability from the longitudinal components to the transverse 
components as the skew angle increases. 
1. INTRODUCTION 
 Recent research shows that a considerable amount of the existing bridge 
infrastructure within the United States is vulnerable to seismic activity. With much of the 
focus on high seismicity areas, significantly less research has been conducted in moderate 
seismic zones such as the Central and Southeastern United States (CSUS). In addition, 
the existing bridge inventory built before 1990 was designed without the implementation 
of seismic guidelines, and thus a large number of the regions’ bridges are especially 
susceptible to seismic loading. Current design standards are predicted to fail under the 
earthquake magnitudes expected for the region [1]. The multi-span steel girder bridge in 
particular has been found to be susceptible to seismic loading, and is much less likely to 
be found in modern construction [2]. An estimated 5,000 skewed multi-span steel girder 
bridges exist in the CSUS region, that for the most part are not designed for current 
seismic predictions and of which the effects of skew are mostly unknown [3].  
The research that has been performed within the CSUS has focused on bridges 
that have little to no skew [4, 5, 6]. A non-skew configuration, where the superstructure 
centerline is perpendicular to the sub-structural elements, creates little coupling of the 
responses between the longitudinal and transverse directions. With the expected increase 
in coupling due to higher degrees of skew, very different responses would be expected 
between skewed and non-skewed bridges. Yet with more than 27 percent of multi-span 
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simply supported steel girder bridges having greater than 15 degree skew angles, little is 
understood of the seismic performance of this class of skewed bridges [7]. Skewness has 
been shown to cause significantly larger responses due to seismic loading by many 
researchers, including larger column forces and larger deck displacements [8, 9, 10, 11]. 
Though this research indicates that skewed bridges have more severe responses, these 
studies have been conducted from case studies of failed bridges in high seismicity areas 
or on single bridge models based on typical designs for high seismicity regions. A closer 
and more thorough look at the effects of skew on bridges, particularly those found in 
moderate seismic zones, can be conducted using the probabilistic tool known as fragility 
curves.  
Fragility curves are being widely used across the earthquake engineering field to 
conduct risk analysis. Seismic fragility curves are represented by Fragility = P(DS+|IM), 
indicating the probability of meeting or exceeding some damage state for a given 
intensity measure. Their various uses within the field of earthquake engineering include 
proposed code revision screening, infrastructure assessment, and bridge rehabilitation [1]. 
Development of fragility curves is usually accomplished through professional judgment, 
historical data, or analytical models. Due to the lack of earthquakes historically occurring 
in the region of interest and the desire to study multiple bridge configurations in terms of 
skew angle, analytical fragility curves are deemed most appropriate for this study, 
represented by Equation 1. 
2 2
ln( / )
f
D C
D C
P β β= +  (1) 
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In this equation the PGA value is represented by the demand variable D, C is the capacity 
or median value associated with the bridge, and β is the dispersion value. This dispersion 
value takes into account both the demand uncertainty and the capacity uncertainty, 
represented by βD and βC.  
Past research utilizing fragility curves influenced the characteristics of the model 
created for this study. Work by Nielson and DesRoches [6] indicated that a full non-
linear time history analysis is required to accurately capture the bridge response. They 
also suggested that a bridge cannot be modeled through a single component since the 
bridge system as a whole is more fragile than any individual component. This study looks 
to add to the existing knowledge base established by this study and others [12]. This will 
be accomplished through a sensitivity study of multiple bridge components and the 
bridge system as a whole at varying skew angles. The changes of the bridge components 
and system in response to skew angles along with a comparison of effective modal mass 
for the bridge model will illustrate the expected coupling effect of transverse and 
longitudinal responses of the bridge. 
2. BRIDGE CHARACTERISTICS AND MODELING 
According to the National Bridge Inventory (NBI), there are over 18,000 (11.3%) 
multi-span simply supported steel girder bridges in the CSUS region [2]. Since most of 
these bridges were built before 1990, they were not designed to current seismic design 
standards. The model used in this study is derived from a non-skewed model developed 
by Nielson [7], the characteristics of which are based on data obtained from a survey of 
numerous bridge plans [13]. As shown in Figure 1, the representative bridge consists of 
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three spans of 12.2 m, 24.4 m, and 12.2 m for a total bridge length of 48.8 m. The bridge 
consists of a concrete deck supported by eight steel girders sitting on high-type fixed 
bearings and expansion bearings. Two pile-bent abutments and two multiple-column 
bents sitting on square eight pile foundations with 4.6 m high circular concrete columns 
make up the remainder of the sub-structural elements. 
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Figure 1. Typical non-skew bridge details 
The study is conducted using a three dimensional model consisting of non-linear 
elements created in the finite element analysis package OpenSees [14]. The incorporation 
of skew into the model includes modeling changes to the bridge geometry, abutments, 
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foundations, and impact elements. Bridge components that are not adjusted for skew 
include the high-type fixed and expansion bearings and the columns as shown in Figure 
2. Due to the bearings already containing transverse and longitudinal springs and their 
orientation being coincident to the axes of the superstructure no adjustments for skew are 
needed since only the substructure elements need rotating. The columns used in the 
model are circular; therefore their orientation will not change their effective properties. 
Though the foundations are rotated with the incorporation of skew, it can be shown that 
for any orientation the total rotational and translational stiffnesses do not change and 
therefore the existing model is adequate. For a more detailed explanation of all the 
elements presented in the model before the adjustment for skew see Nielson [7]. 
Skewangle, θ
Bridge centerline
Support centerline
Abutments RWS
Bearings NRWS
Foundation RWS
RWS - Rotated with Respect to Skew
NRWS - Not Rotated with Respect to Skew  
Figure 2. Orientation of components with skew 
 Due to the rotation of the abutments relative to the bridge superstructure, various 
changes to the abutment behavior occur. This rotation causes more contact area to 
develop between the soil and the abutments. For the 15 m deck width used in the model, 
eight springs are used to simulate the interaction between the soil and the abutment back 
 9
wall. The contribution of wing walls is neglected in this study since they are minimal in 
many existing bridges. Thus, with more surface area per spring, a larger stiffness value is 
attributed to each spring at higher skew values. These springs contribute to the abutment 
stiffness in the passive direction, while the piles supporting the abutment contribute not 
only to the passive direction but are modeled as the only contributors to the active and 
transverse direction. The net pile stiffness contribution also increases with larger skew 
values due to an increase in the number of piles used for the longer abutment. Figures 3 
and 4 represent the hysteresis of the abutments at various skew angles for the non-skewed 
model and the skewed model. These figures show that the stiffness and strength of the 
abutments increases in the passive, active, and transverse directions as skew increases. 
This same phenomenon occurs at the gap elements located between the decks and 
abutment, where the springs representing the potential impact behavior of the decks are 
re-oriented to account for the orientation of the expansion joints. The spring stiffness 
values are adjusted for the increased contact area between decks for larger skew values 
and the length of the gap elements is corrected for the increased distance between decks 
for rotated impact elements. Skewed decks would also cause rubbing between decks and 
not just pounding, but this model disregards these effects considering that any frictional 
resistance experienced is significantly less than the contact stiffness normal to the 
expansion joint. 
The implementation of skew angle into the model also affects much of the bridge 
geometry and the mechanics through which the elements interact. An increase in skew 
angle increases the deck width and the bent length along the column line, which will 
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increase both the vertical and lateral loads on the columns. To account for this increased 
loading, the number of columns is increased from three to four for skew angles equal to 
and greater than 30 degrees. This increase in the number of columns will affect the 
stiffness of the bridge, and will create a noticeable separation in the trends of the 
component and system responses around a 30 degree skew. Since, in practical 
application, the number or size of the columns would increase; the results presented here 
should more readily represent actual bridge responses. 
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Figure 3. Abutment hysteresis for the longitudinal directions for bridge skew angles of (a) 
0, (b) 15, (c) 30 and (d) 45 degrees 
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Figure 4. Abutment hysteresis for the transverse direction for bridge skew angles of (a) 0, 
(b) 15, (c) 30 and (d) 45 degrees 
 
High skew angles should also create significantly different responses in the 
behavior of the deck, particularly with the increase in coupled responses. Past non-
skewed studies simplified that deck as a lump mass model, where the mass was 
distributed along the longitudinal centerline of the bridge. With the addition of skew, this 
simplification may not adequately capture the bridge response due to inaccurate mass 
distribution. Therefore, additional deck elements were added to incrementally divide the 
mass out along the transverse direction of the bridge, creating a distributed mass model. 
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This model does not change the mass of the original model nor does the stiffness 
inherently change, thus the modal characteristics of the bridge remain largely the same. 
However, this more detailed mass distribution does capture the rotational inertia of the 
bridge deck better and allows for a more realistic account of the transverse loading as it is 
carried through the bridge. The connecting elements that compose the bridge are assumed 
to be rigid links. This is because the deck should be much stiffer than any of the other 
components [15]. A complete view of the model used is shown in Figure 5. 
 
Figure 5. Representation of the model used to conduct the sensitivity study 
3. DYNAMIC CHARACTERISTICS 
 Though past research has validated the use of rigid links to effectively model the 
deck regardless of skew value, as alluded to in the modeling section above, an 
inappropriate mass distribution of the deck may severely alter the results of skewed 
bridges. Many researchers have simplified deck modeling into a mass lump distribution 
along the longitudinal direction of the deck for non-skewed bridge modeling. But with 
the creation of coupled effects for the longitudinal and transverse directions expected in 
skewed bridges, a more realistic mass distribution is needed. Thus, for this study the mass 
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of the deck is distributed in the transverse direction as well as the longitudinal direction, 
creating multiple lump masses at each girder location. This will help capture the effect of 
coupling in the response of the bridge while still using a centerline model. These masses 
are then connected by rigid links in the transverse direction, signifying the much greater 
stiffness of the deck compared to many of the other components. 
 In order to compare the two models, Figure 6 and Figure 7 represent the changes 
in effective modal mass for the longitudinal and transverse direction for modes 1 and 2. 
The data presented is normalized to the largest value in the corresponding direction. This 
data conveys that there is coupling between the modes as skew increases. For the lump 
mass distribution model the normalized longitudinal modal mass participation factor 
drops from 100 percent to 67.3 percent between 0 and 45 degrees for mode 1, while the 
transverse participation factor drops to 68.8 percent for mode 2. With a more evenly 
distributed mass over the entire deck, the normalized participation factors for the 
longitudinal direction range from 100 percent to 58.6 percent over 0 to 45°. For the 
transverse direction, the values range from 100 percent to 66.2 percent for mode 2. The 
increase in modal mass participation factors for the non-dominant direction in each mode 
indicates the larger coupling effect between the longitudinal and transverse direction. 
Though the non-dominant direction for both modes 1 and 2 remain roughly the same for 
both model types, it is noted that the dominant direction has a significant decrease in 
values for the mass distributed model compared to the lump mass model.  
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Shown in Figure 8, the first two modal periods are presented for the various skew 
angles analyzed. For a bridge with zero degree skew, the fundamental period is 0.31 s and 
is dominated by the longitudinal direction as discussed above, while the transverse period 
is 0.26 s. These values compare very well with those presented for the same bridge 
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Figure 6. Normalized plot of the lumped centerline mass model effective modal mass 
participation factors for the longitudinal and transverse direction for (a) Mode 1 and (b) 
Mode 2 
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Figure 7. Normalized plot of the distributed mass model effective modal mass 
participation factors for the longitudinal and transverse direction for (a) Mode 1 and (b) 
Mode 2 
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classification used by Nielson [7], in which the fundamental period is 0.30 s. It is noted 
that for skew values less than 15 degrees the modal periods do not vary significantly, 
with variances of less than 0.01 s over the 0-15 degree interval. Only at larger skew 
values does a trend become apparent that as skew increases the period for both the first 
and second mode decreases, signifying that the overall bridge becomes stiffer as the skew 
angle increases. One would initially think an opposite trend would occur due to the past 
findings of skewed bridges being more seismically vulnerable than their straight 
counterparts. However, upon recollection that the abutment stiffness increases in all 
directions as skew angle increases, and that the abutment stiffness is a significant 
contributor to the response of the bridge, the decrease in fundamental period becomes 
justified. Also note the drop in the modal period at skew angles of 30 degrees and larger 
due to the additional column, which would increase the stiffness of the overall system. 
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Figure 8. Comparison of system period to skew angle for modes 1 & 2 
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4. GROUND MOTION SUITES 
 The assessment of MSSS steel girder bridge fragilities is accomplished through 
the use of two different suites of 48 synthetic ground motions used in a previous study by 
Nielson and DesRoches [5]. The first suite was developed by Rix and Fernandez-Leon 
for the Memphis, TN area [16]. The second was developed by Wen and Wu for the 
Memphis, TN; Carbondale, IL; and St. Louis, MO areas [17]. As recommended for 3D 
modeling of structures, these suites of ground motions are modified to create independent 
orthogonal effects that can be simultaneously applied [7, 18]. The use of simultaneous 
orthogonal effects negates the need to implement the recommendation by Maleki and 
Bisadi to consider them independently [19]. These 48 ground motions from each suite are 
paired with 48 geometrically identical bridges in order to account for a broad range of 
frequency content and peak ground acceleration values. The 48 bridges are then 
randomly paired with material property value realizations created through Latin-
Hypercube sampling as performed by Nielson and DesRoches [4]. The sensitivity 
analysis of the MSSS steel girder bridge is then conducted at skew angles of 0, 5, 10, 15, 
22.5, 30, 37.5, and 45 degrees. 
 Figure 9 presents the mean and mean plus or minus one standard deviation 
response spectra for the Rix and Fernandez-Leon and the Wen and Wu ground motion 
suites. For the Rix ground motions the main energy content falls within the range of 0.5 
to 1.0 seconds compared to the Wen and Wu ground motion with dominant range of 0.25 
to 0.75 seconds. The differences in the frequency content of these two ground motion 
suites are attributed to the varying soil types found in the three cities, the fact that two 
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different source models are used in their generation, and that the Rix ground motions are 
deterministic whereas the Wen and Wu are probabilistic [7]. Being probabilistic ground 
motions, the Wen and Wu suite is developed for both a 2% and 10% probability of 
exceedance in 50 years. The deterministic Rix and Fernandez ground motions are 
generated from earthquake magnitudes of 5.5, 6.5, and 7.5, as well as source distances of 
10, 20, 50, and 100 km. Also shown in Figure 9 are the fundamental periods for a 0 
degree and 45 degree skew bridge in relation to the response spectra. 
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Figure 9. Plot of mean and mean plus one standard deviation of the (a) Rix and 
Fernandez-Leon ground motion suite and the (b) Wen and Wu ground motion suite 
 
5. SENSITIVITY ANALYSIS OF FRAGILITY 
 Following the work of Nielson and DesRoches [5], a set of bridge system fragility 
curves is developed for various skew angles applied to the three-span bridge found in 
Figure 1. Specifically, skew angles of 0, 5, 10, 15, 22.5, 30, 37.5 and 45 degrees are 
chosen. Four different damage states are evaluated: slight, moderate, extensive, and 
complete, which are consistent with those found in HAZUS-MH [20]. When evaluating 
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the system level fragility curves, Table I, the contribution of the columns, fixed bearings, 
expansion bearings, and the abutments are included where each component has the 
seismic fragility as given in Tables II-VII. Note that due to high median acceleration 
values found for the abutments at higher damage states, only the slight damage state is 
presented. 
Table I. System median and dispersion fragility values 
Slight Moderate Extensive Complete Skew 
Angle Med (g) Disp Med (g) Disp Med (g) Disp Med (g) Disp 
0 0.182 0.487 0.347 0.415 0.460 0.450 0.734 0.528 
5 0.182 0.487 0.345 0.424 0.455 0.462 0.717 0.534 
10 0.179 0.492 0.352 0.438 0.471 0.464 0.745 0.548 
15 0.176 0.481 0.343 0.427 0.456 0.461 0.718 0.542 
22.5 0.169 0.495 0.337 0.438 0.445 0.475 0.709 0.553 
30 0.180 0.449 0.360 0.410 0.474 0.434 0.797 0.510 
37.5 0.170 0.464 0.352 0.421 0.466 0.451 0.776 0.513 
45 0.154 0.460 0.311 0.434 0.417 0.455 0.733 0.497 
 
Table II. Longitudinal expansion bearing median and dispersion fragility values 
Slight Moderate Extensive Complete Skew 
Angle Med (g) Disp Med (g) Disp Med (g) Disp Med (g) Disp 
0 0.268 0.747 0.672 0.714 0.853 0.738 1.132 0.779 
5 0.267 0.748 0.667 0.715 0.846 0.739 1.122 0.780 
10 0.270 0.769 0.686 0.736 0.874 0.760 1.165 0.801 
15 0.264 0.760 0.661 0.728 0.839 0.751 1.113 0.792 
22.5 0.261 0.751 0.646 0.719 0.818 0.742 1.081 0.782 
30 0.294 0.701 0.719 0.668 0.907 0.692 1.195 0.734 
37.5 0.305 0.680 0.736 0.647 0.926 0.671 1.215 0.713 
45 0.331 0.663 0.780 0.631 0.976 0.654 1.271 0.695 
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Table III. Transverse expansion bearing median and dispersion fragility values 
Slight Moderate Extensive Complete Skew 
Angle Med (g) Disp Med (g) Disp Med (g) Disp Med (g) Disp 
0 0.404 0.436 0.920 0.436 1.476 0.515 N/A* N/A* 
5 0.420 0.396 1.015 0.396 1.688 0.494 N/A* N/A* 
10 0.386 0.436 0.938 0.436 1.564 0.528 N/A* N/A* 
15 0.368 0.457 0.953 0.457 1.648 0.557 N/A* N/A* 
22.5 0.297 0.527 0.751 0.527 1.282 0.612 N/A* N/A* 
30 0.297 0.431 0.839 0.431 1.526 0.554 N/A* N/A* 
37.5 0.249 0.509 0.677 0.509 1.204 0.609 N/A* N/A* 
45 0.178 0.506 0.362 0.506 0.545 0.559 1.355 0.618 
 
 
Table IV. Longitudinal fixed bearing median and dispersion fragility values 
 
Slight Moderate Extensive Complete Skew 
Angle Med (g) Disp Med (g) Disp Med (g) Disp Med (g) Disp 
0 0.217 0.372 0.381 0.372 0.526 0.417 1.082 0.466 
5 0.216 0.377 0.380 0.377 0.527 0.422 1.090 0.472 
10 0.216 0.383 0.386 0.383 0.539 0.429 1.134 0.480 
15 0.210 0.371 0.375 0.371 0.523 0.419 1.096 0.470 
22.5 0.209 0.386 0.378 0.386 0.532 0.434 1.136 0.486 
30 0.217 0.358 0.396 0.358 0.559 0.411 1.206 0.467 
37.5 0.221 0.379 0.401 0.379 0.565 0.428 1.209 0.481 
45 0.226 0.351 0.417 0.351 0.593 0.406 1.297 0.465 
 
 
Table V. Transverse fixed bearing median and dispersion fragility values 
 
Slight Moderate Extensive Complete Skew 
Angle Med (g) Disp Med (g) Disp Med (g) Disp Med (g) Disp 
0 0.339 0.477 0.629 0.477 0.899 0.520 1.985 0.568 
5 0.320 0.466 0.597 0.466 0.855 0.511 1.896 0.560 
10 0.306 0.471 0.590 0.471 0.860 0.520 1.988 0.574 
15 0.275 0.480 0.531 0.480 0.776 0.528 1.799 0.581 
22.5 0.242 0.478 0.477 0.478 0.706 0.530 1.683 0.586 
30 0.226 0.441 0.445 0.441 0.659 0.496 1.572 0.556 
37.5 0.201 0.469 0.411 0.469 0.620 0.527 1.547 0.589 
45 0.177 0.453 0.371 0.453 0.568 0.516 1.463 0.584 
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Table VI. Column median and dispersion fragility values 
 
Slight Moderate Extensive Complete Skew 
Angle Med (g) Disp Med (g) Disp Med (g) Disp Med (g) Disp 
0 0.353 0.583 0.511 0.538 0.754 0.612 1.018 0.617 
5 0.348 0.577 0.500 0.533 0.735 0.605 0.989 0.611 
10 0.357 0.591 0.517 0.546 0.766 0.620 1.037 0.625 
15 0.348 0.589 0.501 0.546 0.739 0.617 0.995 0.623 
22.5 0.342 0.613 0.494 0.571 0.728 0.640 0.981 0.645 
30 0.405 0.597 0.584 0.554 0.861 0.625 1.160 0.630 
37.5 0.394 0.576 0.560 0.534 0.814 0.602 1.085 0.607 
45 0.369 0.547 0.512 0.509 0.725 0.571 0.948 0.576 
 
 
Table VII. Abutment median and dispersion fragility values for the slight damage state in 
the active, passive, and transverse direction. 
 
Active Passive Transverse Skew 
Angle Med (g) Disp Med (g) Disp Med (g) Disp 
0 0.716 1.033 1.328 0.607 0.898 0.808 
5 0.700 1.040 1.261 0.602 0.852 0.804 
10 0.789 1.090 1.381 0.623 0.866 0.839 
15 0.743 1.104 1.309 0.612 0.775 0.844 
22.5 0.858 1.150 1.434 0.644 0.783 0.905 
30 0.832 1.051 1.931 0.645 0.742 0.899 
37.5 1.025 1.085 2.133 0.668 0.707 0.910 
45 1.307 1.087 2.917 0.711 0.768 0.965 
*Survey results show that considerable amounts of damage can occur at the abutments and 
approach ways without causing long term closures [21]. 
 
As an illustration, the fragility curves for the slight and complete damage states 
for 0, 15, 30, and 45 degree skews are given in Figure 10. The general nature of these 
curves is representative of all the skew angles considered in this study. The curve for the 
slight damage state demonstrates a higher fragility for the higher skew angle of 45 
degrees compared to a clustering of the fragility curves for the lower values. This is in 
contrast to the complete damage state curves that show only minor variations between the 
skew angles. One may note however, that the 30 degree skew exhibits a lower fragility 
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than the 0 and 15 degree skews. This is directly related to the fact that an additional 
column is present in every bridge bent for skew angles of 30 degrees and higher. Not 
only does this extra column affect the demand placed on the columns but also affects the 
demand placed on the other components. Indeed, a notable shift does appear in the 
fundamental periods at a 30 degree skew as shown in Figure 8. 
To facilitate a more complete analysis of the impact of skew angle, Figure 11 
gives the median and dispersion values at the various skew angles for all four damage 
states. The median values show an initial minor, almost negligible, horizontal trend for 
the lower skew angles up through 22.5 degrees, at which point the expected negative 
trend begins to appear. However, this negative trend only appears after the 
aforementioned jump in the median values occurs at the skew angle of 30 degrees due to 
the addition of the extra column in the bents. The phenomenon is clearly seen in every 
damage state but is most noticeable in the complete damage state. The values for the 
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Figure 10. System fragility curves for (a) slight and (b) complete damage states for 0, 15, 
30, and 45 degree skews. 
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slight damage state range from 0.18 g to 0.15 g and for the complete damage state the 0 
degree and 45 degree values are both 0.73 g which is once again a consequence of the 
requisite change in the substructure. However, the net result is that increasing skew 
values, above 30 degrees, cause an increase in the bridge fragility to occur.  
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Figure 11. System fragility parameters (a) median and (b) dispersion values for various 
damage states 
 
The dispersion values for the system have an increasing trend for the lower skew 
values followed by a noticeable drop in dispersion with the addition of an extra column. 
The values do not vary much, ranging from 0.42 to 0.44 at slight damage and from 0.53 
to 0.55 at complete damage and do not exhibit any specific trend relating to the various 
damage states. Indeed, for practical implementation of these fragility curves a constant 
dispersion value of 0.5 would be recommended. This is in keeping with the 
recommendation made for the zero degree skew bridge [5]. This does not come as a 
surprise since the major change to the model involves re-orienting its geometry and 
components, which would not have an affect on the variability associated with each 
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components capacity. It is interesting to note that the addition of an extra column, and 
thus an additional component in the bridge model, actually decreases the uncertainty 
contained in the analysis. The reasons behind some of these trends are more apparent by 
looking at the fragilities of the various components of the bridge.  
The median and dispersion values for the expansion bearings at the slight and 
complete damage states are shown in Figure 12. The median values for the longitudinal 
direction show an initial constant trend for values less than 15 degrees, which is around 
0.27 g for slight damage and 1.13 g for complete damage. For all damage states, a 
decrease in median value occurs at 22.5 degrees, followed by an increasing trend in 
median values for the higher skew angles, reaching a value of 0.33 g and 1.27 g for the 
slight and complete damage states. The transverse direction displays a very different 
pattern with an overall decrease in values (increasing fragility) for applicable damage 
states. There also is a severe decrease in median values for the higher damage states, with 
a 55 percent drop in values for the complete damage state between the angles of 37.5 and 
45 degrees. Since only values less than 3.0 g are presented, the only median value for the 
complete damage state of the transverse bearing that shows up in Figure 12(a) occurs at 
45 degrees. In summary, the longitudinal direction shows an expected decrease in the 
fragility as the transverse direction shows a greater contribution to the fragility as the 
skew angle increases. The dispersion values show a slight negative trend for the 
longitudinal direction that is consistent with both the slight and complete damage states. 
For the longitudinal direction, dispersion ranges from 0.77 to 0.66 for the slight damage 
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state compared to 0.41 to 0.53 for the transverse direction, which displays a positive 
trend. 
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Figure 12. Expansion bearing fragility (a) median and (b) dispersion values for slight and 
complete damage states 
 
Likewise, the fixed bearings (See Figure 13) show a general positive trend in the 
longitudinal direction and a negative trend in the transverse direction, though without the 
random peaks and valleys seen in the expansion bearings. The longitudinal direction 
fragilities have minimum values of 0.21 g and 1.09 g for the slight and complete damage 
states respectively. They have values up to a maximum of 0.23 g and 1.30 g occurring at 
a 45 degree skew. The transverse direction decreases from 0.34 g to 0.18 g for the slight 
damage state and 2.00 g to 1.46 g at the complete damage state. A noticeable and 
expected reciprocal trend, which is becoming a pattern between the longitudinal and 
transverse responses, occurs between the two directions, with the longitudinal direction 
being less fragile with increasing skew compared to the transverse direction becoming 
more fragile. It should be noted that positive trends indicate less fragile systems whereas 
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as negative trends highlight more fragile systems. The dispersion values for this 
component, unlike for the expansion bearings, appear to hold steady across the range of 
skew angles. This continues to support the findings related to the dispersions of the 
system level fragility curves. 
The columns results in Figure 14 show steady values for all damage states, at 
skew angles of 22.5 degrees and less. Between 30 degrees and 45 degrees a negative 
trend emerges indicating the greater fragility of the columns at high skew angles. The 
values between the 30 degree and 45 degree skew angles drop from 0.41 g to 0.37 g for 
slight damage and 1.16 g and 0.95 g at complete damage compared to the 0.35 g and 1.00 
g values seen at the low to moderate skew angles. The column dispersion values show a 
similar trend to the system dispersion, as a slightly positive trend exists at lower skew 
angles and a slightly negative trend exists at the higher skew angles. The values range 
from 0.57 to 0.51 for slight damage and 0.65 to 0.58 for complete damage. 
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Figure 13. Fixed bearing fragility (a) median and (b) dispersion values for slight and 
complete damage states. 
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Figure 14. Column fragility (a) median and (b) dispersion values 
The damage states used in this study relate directly to how long a bridge will be 
inoperable due to damage following an earthquake. A survey conducted of Departments 
of Transportation (DOTs) found that abutment damages rarely result in long lasting 
closure decisions [21]. For this reason, the results for the abutment fragility curves in 
both directions (longitudinal and transverse) are only presented for the slight damage 
state, with all other damage states at all skew angles having larger median acceleration 
values than are plausible. At the slight damage state (see Figure 15), the abutments show 
a significant positive trend for both the active and passive contributions, both of which 
act in the longitudinal direction. The values at the lower skew angles are consistent at 
0.72 g for the active and 1.30 g for the passive but then rise to 1.31 g at 45 degrees in the 
active direction and 2.91 g in the passive direction. This contrasts to the negative trend 
found in the transverse direction with values falling from 0.90 g to 0.71 g between 0 and 
37.5 degrees, with an increase in acceleration occurring at 45 degrees up to 0.77 g. The 
dispersion values display positive trends in all directions, with the passive direction 
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ranging between 0.6 and 0.7, the active direction going from 1.0 to 1.15, and the 
transverse direction ranging from 0.8 to 1.0. 
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Figure 15. Abutment fragility (a) median and (b) dispersion values for slight damage state 
6. CONCLUSIONS 
 This paper presents the results of a sensitivity study on the seismic fragility of a 
geometrically consistent skewed three-span simply supported steel girder bridge. 
Specifically, this study adds to the existing knowledge regarding the effects of skew on 
seismic performance of typical bridges. This study utilizes a distributed mass model in an 
effort to capture the coupled response between the longitudinal and transverse directions 
found within skewed bridges. This coupling effect plays a large role in the dominant 
response of the bridge that is seen in the component fragilities. Overall, the bridge system 
shows a negative trend in median values with increasing skew corresponding to an 
increase in bridge fragility. However, this marked behavior is not readily apparent or 
significant at skew angles below 30 degrees.  
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When viewing the component fragilities, a pattern appears in that every 
component measured in the longitudinal direction results in decreased fragility as skew 
angle increases. This is in direct contrast to those components measured in the transverse 
direction, which resulted in increased computed fragility. Thus, with the overall system 
showing greater fragility, especially at higher skew values, the bridge’s response is 
increasingly dominated by the transverse direction in relation to greater skew values. 
Comparing the values between components shows that the abutments are much less 
fragile at all damage states than any of the other individual components, with median 
values in range of 0.8 g and 1.2 g compared to all other components falling within 0.2 g 
to 0.4 g. At higher damage states, the longitudinal direction of the bearings and the 
columns contribute more to the system fragility than the transverse direction of the 
bearings.  
The trends presented in this study for both the system and the components 
indicate that values effectively remain consistent at skew angles less than 30 degrees. 
Large changes begin to occur at the higher skew values, indicating the increased coupling 
that occurs between the longitudinal and transverse directions. This understanding will 
allow for a more thorough treatment of skew angle when generating seismic fragilities for 
classes of bridges that are used in loss-assessment packages like HAZUS-MH. 
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CHAPTER THREE 
 
SEISMIC FRAGILITY ASSESSMENT OF SKEWED MULTI-SPAN SIMPLY 
SUPORTED (MSSS) STEEL GIRDER BRIDGES 
 
The development of seismic fragility curves is an essential component 
towards the assessment of the current highway transportation network. Within 
the Central and Southeastern United States (CSUS) skewed bridges account 
for a significant percentage of bridge inventory and have been largely ignored 
in contemporary studies. A three dimensional non-linear full time history 
analysis is conducted on 96 bridge models at various skew orientations and 
number of spans in this study to generate fragility curves for the skewed 
multi-span simply supported steel girder bridge class typical to the CSUS 
region. The overall fragility of the system does not change significantly with 
skew at low angles (below 30 degrees). At higher skew angles, a negative 
trend appears for the median fragility values indicating that the bridge system 
is more fragile at these larger angles. A higher number of spans also cause a 
significant increase in the system’s fragility. This study proposes two 
modification equations as a practical way to modify a base-bridge fragility 
(three-span zero-skew) to account for the effects of skew angle and number of 
spans. 
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Introduction 
Seismic fragility analysis has become a prominent tool in the assessment of civil 
infrastructure. This is not only true of the traditional high seismicity areas, but also of 
areas that are more moderate in their seismicity such as the Central and Southeastern 
United States (CSUS). Within this area, concrete slab on steel girder decks account for 
over one third of current bridge inventory (FHWA 2002). Most of the bridges constructed 
under this classification were built before the 1990’s, a period in which seismic design 
was not given much consideration (Mander et al.1992). This type of bridge is highly 
susceptible to seismic loading (Dicleli and Bruneau 1995), due to the lack of seismic 
design codes and due to the vulnerability of the fixed type and rocker type bearings often 
used in their construction (Mander et al. 1996). Many of these bridges would fail under 
current earthquake magnitudes predicted for the region (Ellingwood and Wen 2005). 
The national bridge inventory data provided by the FHWA (2002) also estimates 
that 40% of steel girder bridges have non-zero skew angles, with skew characterized as 
the substructure not being perpendicular to the centerline of the superstructure. The 
FHWA also determined that significant skew values of 30˚ and greater are found in 13% 
of steel girder bridges. Many researchers have studied the effects skew imparts on a 
bridge under static and dynamic loading schemes, and found that skewed bridges respond 
differently than their straight counterparts (Abdel-Mohti and Pekcan 2008; Chen 1996; 
Maleki 2002; Meng et al. 2004). A case study of a skewed bridge, located in a highly 
seismic region, performed by Meng and Lui (2000) found that skewness creates higher 
column forces and larger deck displacements. Yet much of this research focuses on case 
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studies (Meng and Lui 2000) or scaled model tests of bridges typically found in high 
seismicity areas (Meng and Lui 2004). A few parametric studies assessed skewed bridges 
with two spans (Bjornsson et al. 1997), of types typical of current seismic design 
guidelines (Abdel-Mohti and Pekcan 2008) or to test the validity of rigid deck modeling 
for slab-girder bridges (Maleki 2002). Past research has not created a comprehensive 
understanding of the fragility of the current highway bridge infrastructure.  
Nielson and DesRoches (2006b; 2007a; 2007b) performed many studies regarding 
fragility curve methodology and development for bridge classifications typical of 
moderate seismic zones. This study looks to extend the work done by Nielson and 
DesRoches, by generating fragility curves for multi-span simply supported (MSSS) steel 
girder bridges typical of the CSUS with respect to skew and with respect to the number of 
spans (i.e. two to five spans). Fragility curves for the type of bridge in interest are 
generated using a 3D non-linear finite element model and non-linear time history 
analyses. A methodology for component level and system fragilities is presented along 
with a description of the typical bridge model used. These are then paired with two suites 
of 48 synthetic ground motions to generate fragility values for MSSS steel girder bridges 
typical of the CSUS region. This data will help shape the next generation of seismic 
fragility assessments, which are essential when assessing the seismic risk to highway 
transportation networks. Current guidelines presented by HAZUS-MH (FEMA 2003), a 
multi-hazard risk assessment package, are based on work performed by Basoz and 
Mander et. al (1999) and Dutta (1999). The fragility values these researchers generated 
are based on non-linear static procedures. Using a non-linear time-history approach, this 
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study looks to assess the appropriateness, and if warranted, propose revisions to the 
modification factors currently used in HAZUS-MH for dealing with skew angle and the 
number of spans.  
Analytical Fragility Curves 
Seismic fragility curves are conditional probability statements describing the 
probability of failure for a system based on some demand exceeding the system’s 
capacity. This relationship is expressed in Equation 1. 
|fragility P DS IM+ =    
(1) 
This equation describes a system’s fragility which is the probability of meeting or 
exceeding some damage state, DS+, for a given level of intensity, IM. Fragility curves 
have a wide variety of uses. Including screening code revisions, assessing infrastructure, 
or in bridge rehabilitation (Ellingwood and Wen 2005).  
The findings presented in this paper are based on analytical methods often 
developed for circumstances with little historical data, such as the CSUS (Nielson and 
DesRoches 2007a). Extensive research on the methodology for the generation of fragility 
curves for this type of analysis established a well-developed methodology (Choi et al. 
2004; Hwang 2000; Mackie and Stodjadinovic 2004). Following this work, lognormal 
probabilistic seismic demand models (PSDM) are generated for a number of components; 
including the bridge abutments, columns, and bearings. Though many fragility analyses 
simplify the bridge model based on column behavior, a study by Nielson and DesRoches 
(2007b) found that for typical bridge classifications common to the CSUS this 
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simplification could significantly underestimate the fragility of the bridge system. They 
recommend that multiple bridge components be used to accurately develop system 
fragilities (Nielson and DesRoches 2007b). Their study further outlines a method for the 
creation of joint probabilistic seismic demand models (JSPDM) based on these 
component fragilities. Once the PSDM’s are generated for each component their 
correlation is assessed and assembled into a JSPDM for the system. A full treatment of 
this method is found in the work done by Nielson (2005).  
For this study, the assumed demand and capacity follow lognormal distributions 
with the demand model conditioned on the peak ground acceleration (PGA) (Padgett et 
al. 2008). The damage states used derive from the qualitative guidelines found in 
HAZUS-MH (FEMA 2003) for establishing bridge failure as slight, moderate, extensive, 
and complete. A complete discussion on the damage states used for this studies fragility 
curve development is found in Nielson (2005). 
Bridge Modeling 
Using the finite element package OpenSees, a non-linear three dimensional 
analytical model is developed for a MSSS steel girder bridge (McKenna and Feneves 
2005). Non-linearities are modeled into the abutments, bent caps, bearings, and columns. 
This bridge model utilizes a range of typical bridge properties and material characteristics 
based on the examination of over 150 bridge plans typical of the region (Choi 2002). 
Figure 1 shows a representative three span bridge configuration.  
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Figure 1. Typical bridge geometry and configuration of a MSSS steel girder bridge. 
The deck is modeled using linear elastic beam column elements. The deck structural 
properties are calculated and lumped along the centerline of the longitudinal axis of the 
bridge. The column and bents employ nonlinear beam-column elements with fiber cross-
sections. The bearings consist of translational springs (Mander et al. 1996) for both the 
longitudinal and transverse directions, while the foundations are composed of 
translational springs, in both directions, and rotational springs (Caltrans 1999; Choi 
2002). Non-integral abutments are modeled using translational springs from a 
combination of soil and pile stiffnesses based on the values recommended by multiple 
sources (Caltrans 1999; Martin and Yan 1995). The abutments use a combination of soil 
and pile contributions to model the passive direction, while only using the stiffness of the 
piles in the active and transverse directions. In this study, the contribution of the wing 
walls is conservatively omitted. To accurately capture the nonlinear deck and bearing 
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displacement and overall bridge response, gap elements are modeled between the 
abutments and the deck and between each deck to capture deck pounding (Rashidi and 
Ala Saadeghvaziri 1997). This is accomplished by using gap-elements with hysteretic 
energy loss behavior developed by Muthukumar (2003). For the sake of the visualization 
of the analytical model, a representative four span bridge with a 30 degree skew is given 
in Figure 2. 
 
Figure 2. Representation of a four span 30 degree skewed bridge model. 
Based on the setup of the proposed model and an inventory study by Nielson 
(2005), Table 1 presents eight bridges, representative of those found in the CSUS. These 
bridge samples are generated using a Latin Hypercube sampling technique of the 
cumulative distribution functions for each parameter (Ayyub 1989). The original study 
conducted by Nielson and DesRoches (2007a) only considered three-span non-skewed 
bridges because they are the most frequently occurring in the CSUS. This study extends 
the fragility analysis to MSSS steel girder bridges having two, three, four and five spans. 
The span lengths listed in Table 1 are the lengths for both spans of the two span bridge 
models and are the center span lengths associated with the three, four and five span  
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Table 1. Geometric properties of eight statistically representative MSSS steel girder 
bridges 
    Bridge No. Span Length (m) Deck Width (m) Column Height (m) 
1 18.3 8.7 5.1 
2 20.4 8.0 3.6 
3 15.5 4.9 6.0 
4 13.7 10.5 4.0 
5 25.6 29.7 3.5 
6 7.3 5.5 3.9 
7 8.8 7.4 4.3 
8 10.4 12.8 6.6 
     
bridges. The lengths of the approach spans on the bridges with more than two spans have 
a fixed value of 12.2 m. 
Using the same Latin Hypercube sampling technique, the epistemic uncertainty 
associated with the model is established for material properties, component behavior, and 
damping. Table 2 shows the probability distribution parameters associated with each of 
the modeling parameters and their respective values recommended by various studies. 
These include steel strength (Ellingwood and Hwang 1985), concrete strength (Hwang et 
al. 1990), bearing friction (Dutta 1999), damping ratio (Fang et al. 1999; Bavirisetty et al. 
2000), and deck gaps (Choi 2002). A complete review of the bridge model presented is 
found in Nielson (2005). 
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Table 2. Modeling values and assumed probability distribution 
     Probability Parameters 
Bridge Parameter 
Probability 
Mode 1 2 Units 
Steel strength Lognormal 6.13 0.08 MPa 
Concrete strength Normal 33.8 4.3 MPa 
Steel bearing stiffness Uniform 0.5 1.5  
Elastomeric shear modulus Uniform 0.66 2.07 MPa 
Steel fixed bearing COF1—
longitudinal 
Lognormal 0.21 0.5  
Steel fixed bearing COF1—
transverse 
Lognormal 0.37 0.5  
Steel expansion bearing 
COF1—longitudinal 
Lognormal 0.04 0.5  
Steel expansion bearing 
COF1—transverse 
Lognormal 0.1 0.5  
Abutment stiffness—passive Uniform 11.5 28.8 kN/mm/m 
Abutment stiffness—active Uniform 3.5 10.5 kN/mm/pile 
Mass Uniform 0.9 1.1  
Damping ratio Normal 0.045 0.0125  
Loading direction Uniform 0 2π radians 
     1COF-Coefficient of Friction 
Skew modeling 
The incorporation of skew into the model necessitates various changes. Figure 3 
shows a plan view of the bridge with the various components in relation to skew, and 
shows which components are affected by changing the orientation of the bridge. The 
major components that did not change with skew include the columns and bearings. The 
columns used in this model consist of a circular cross-section; therefore, their properties 
do not change as they rotate with respect to the super structure. The bearings must 
maintain orientation with the line of the bridge girders. Since the girders remain parallel 
with the centerline of the bridge, the bearings will not rotate as the substructure rotates. 
The foundations do rotate with the substructure, but one may show mathematically that 
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the net effect on the translational and rotational spring constants does not change their 
values as the foundations rotate. The abutments experience increased contact area 
between the soil and the deck as the skew angle increases, due to the increased effective 
width of the deck. To account for this, the springs modeling the stiffness and strength of 
the piles and the soil increase in value as skew increases. A similar effect is accounted for 
in the impact elements. The stiffness values for these components are increased with 
skew, while also adjusting the gap distance between the decks that changes with skew 
angle. It is noted that skewed bridges would also experience rubbing between decks 
instead of just pounding, but this interaction is neglected by assuming the frictional 
resistance is much less than the impact resistance of the decks. 
Skewangle, θ
Bridge centerline
Support centerline
Abutments RWS
Bearings NRWS
Foundation RWS
RWS - Rotated with Respect to Skew
NRWS - Not Rotated with Respect to Skew  
Figure 3. Orientation of components with skew in plan view. 
As previously mentioned, the deck is simplified into a single beam element along 
the centerline of the bridge with the properties of an equivalent full width deck. But due 
to concerns regarding coupling of longitudinal and transverse bridge responses, lumping 
of the masses along the bridge centerline is inappropriate for high skew angles (Abdel-
Mohti and Pekcan 2008). Therefore, the mass is distributed over the width of the bridge 
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in discretized units and connected using rigid elements. Another consideration regards the 
aforementioned increase in deck width with increased skew. This creates longer bent 
lengths and larger distance between columns. The larger column separation causes larger 
forces to be attributed to the columns due to increased superstructure loading. Therefore, 
the authors assume that in practical applications large skew angles, 30 degrees and larger, 
would have modified substructures compared to lower skew angle bridges. For the 
purposes of this model, an extra column is added to those bridge configurations at larger 
skew angles. Table 3 shows the modified column separation values for the model based 
on the number of columns and skew angle. The dimension shown represents the center-
to-center distances of the columns as measured perpendicular to the centerline of the 
bridge. Since the sizes of the columns remain constant, the separation values are chosen 
so that the dimensional values remain around 5.0 m to maintain the efficiency of the 
column design. 
Table 3. Column separation values associated with varying spans and skew angles 
 
 
 
Modal Response 
Figure 4 presents an evaluation of the fundamental periods of these bridges. These 
graphs show the trends found in the periods due varying skew angle and number of spans. 
For the analysis presented in this paper, skew angles of 0, 5, 10, 15, 22.5, 30, 37.5, and 45 
  Skew Angle (degrees) No. 
Columns < 30 30 ≥ 
2 5.0 m 3.3 m 
3-5 5.0 m 3.8 m 
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degrees are used. The results show a general positive trend for the mode dominated by 
the longitudinal response for low skew angles followed by a slight negative trend for the 
higher skew angles. Keep in mind that lower values correspond to a stiffer structure. For 
the transverse dominated mode, a negative trend is seen for all spans as skew angle 
increases. For both modes, the number of spans causes the period to increase. One should 
note the effect the additional column has on the calculated period of the structure at the 
higher skew angles, 30 degrees and larger. The additional column causes a notable drop 
in period due to the additional stiffness an extra column provides. The trends seen in this 
modal analysis are addressed by Sullivan and Nielson (2010) and will be further 
discussed in the fragility analysis section based on the coupling of responses seen in 
skewed bridges.  
0 5 10 15 20 25 30 35 40 45 50
0.1
0.15
0.2
0.25
0.3
0.35
0.4
Skew Angle (deg)
Pe
rio
d 
(s)
 
 
2−span 3−span 4−span 5−span
 
0 5 10 15 20 25 30 35 40 45 50
0.1
0.15
0.2
0.25
0.3
0.35
0.4
Skew Angle (deg)
Pe
rio
d 
(s)
 
 
2−span 3−span 4−span 5−span
 
(a) (b) 
Figure 4. (a) First (longitudinal) and (b) second (transverse) average modal response of 
all bridge configurations with respect to skew angle and number of spans. 
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Ground Motions 
The dynamic loading assigned to the bridge models originates from the creation 
of two sets of 48 ground motions used in the work performed by Nielson (2005). The first 
suite is a subset of the ground motions created by Rix and Fernandez (2004) for the 
Memphis, TN region. The second suite is a subset of the ground motions created by Wen 
and Wu (2001) for the Memphis, TN; Carbondale, IL; and St. Louis, MO regions. The 48 
ground motions from each suite are chosen to ensure varying frequency content and a 
diverse range of earthquake magnitudes and hypocentral distances. Each ground motion 
suite is then randomly assigned to one of the 48 bridge configurations described in the 
modeling section above. To facilitate a 3D model, the ground motions are created into 
orthogonal components to be applied along the longitudinal and transverse axes of the 
bridge using guidance from Baker and Cornell (2006). This negates the need to consider 
orthogonal components independently as recommended by Maleki and Bisadi (2006). 
Note that for the CSUS region, vertical components of ground motions are not typically 
considered in design (ATC/MCEER 2003) and are subsequently neglected in this study.  
The mean plus or minus one standard deviation of the response spectrum for each 
ground motion suite is shown in Figure 5. These response spectra show that most of the 
energy content for the Rix and Fernandez ground motions falls between 0.5 and 1.0 s 
whereas for the Wen an Wu ground motions the energy content is more in the 0.0 to 0.5 s 
range. A complete treatment of the procedure for generating these ground motions and 
their orthogonal components is found in Nielson (2005). 
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Figure 5. (a) Rix and Fernandez and (b) Wen and Wu average response spectra plus and 
minus one standard deviation. 
Component Fragility Curves 
Though this paper will not explicitly treat an assessment on component level 
fragility analysis, the overall response of the bridge is better understood by looking at 
some of the patterns that exist at the component level. Those components discussed 
below include the bearings and the columns. The abutments are not explicitly discussed 
due to their much higher median fragility values at all damage states, skew angles, and 
spans. The large values associated with the abutments are due to their damage state 
definition based on survey findings, which indicate that abutment failure does not result 
in long-term loss of bridge functionality (Padgett and DesRoches 2008). Figures 6, 7, and 
8 present the median PGA fragility values for the expansion bearings (longitudinal), 
expansion bearings (transverse) and the columns respectively. These component 
responses illustrate the behaviors seen in the MSSS steel girder bridge class. 
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The expansion bearing values show a horizontal trend at lower skew angles 
followed by a positive trend, decreasing fragility, at higher skews for both damage states 
presented in the longitudinal direction. Values for the slight damage state range from 0.39 
to 0.47 g and 0.29 and 0.37 g for the two and five span bridges, compared to values for 
the extensive damage state being between 1.34 and 1.51 g and 1.05 and 1.34 g for the two 
and five span bridges. In contrast, the transverse direction shows a definitive negative 
trend with increasing skew for both damage states, with very large drops occurring at the 
higher skew values. The values in this direction are much larger than their longitudinal 
counterparts for lower skew angles at the extensive damage state at 2.35 and 1.97 g for 
two and five spans, respectively, at zero skew. The fragility of the bearings in the 
transverse direction are very sensitive to the angle of skew at larger values falling to 1.35 
and 0.73 g at a 45 degree skew for the two and five span bridges respectively. The 
bearing response is not affected by the additional column, as illustrated by the absence of 
a jump in median values seen in the column and system fragilities below. As expected, 
for both component directions the fragilities of the bearings increase (lower median 
values) with increasing number of spans. One should note that the increase in the number 
of spans increases the number of components that could potentially be damaged. This 
increased exposure will naturally increase the fragility for components that are not fully 
dependent. The increasing fragility seen in the transverse direction compared to the 
decreasing fragility for the longitudinal direction is a pattern seen in the high-type fixed 
bearings and the abutment damage states.  
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Figure 6. (a) Slight and (b) extensive damage state median fragility values for 
expansion bearings in the longitudinal direction. 
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Figure 7. (a) Slight and (b) extensive damage state median fragility values for 
expansion bearings in the transverse direction. 
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Figure 8. (a) Slight and (b) extensive damage state median fragility values for columns. 
The column values shown in Figure 8 are more representative of the system 
response. They do not show any real trend in values at the lower damage states based on 
skew, but like the expansion bearings the larger the number of spans the higher the 
fragility of the component. At the higher damage states, a slight negative trend is 
apparent with respect to skew, being mindful of the jump in median fragility expected 
with the additional column. Values for the two and five span bridges at the slight damage 
state range from 0.48 to 0.57 g and 0.31 and 0.36 g, compared with the extensive damage 
state results of 0.99 and 1.14 g and 0.62 and 0.73 g respectively. 
Bridge System Fragility Values 
The result of combining each component from the fragility analysis discussed 
above is a system level fragility. Presented in Table 4 are the median and dispersion 
values which represent the lognormal fragility curve of the bridge system. These values 
are presented for each of the skew angles and number of spans previously identified. The 
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median values of the bridge fragility are in terms of PGA with units of g and the 
dispersion values are unitless and represent the level of uncertainty inherent in the 
system. This data clearly show that increasing angles of skew cause an increase in bridge 
fragility, which is indicated by the decreasing median values. Furthermore, an increase in 
the number of spans also causes an increase in the bridge level fragility. Indeed the effect 
of the number of spans is much more significant than the skew angle effects. Figure 9 
provides a visual summary of the data presented with median fragility values presented 
with respect to skew and span. The values shown are for the complete damage state, 
which most clearly shows the trends exhibited by the data. This graph shows that for all 
numbers of spans other than two, a slight negative trend is apparent with respect to skew, 
e.g. ranging from 0.72 to 0.69 g for a four span bridge. This trend takes a more significant 
drop between the higher skew angles of 37.5 and 45 degrees, dropping 0.04 to 0.06 g for 
3, 4, and 5 spans. This indicates that lower skew angles do not affect the bridge response 
very much, whereas larger skew angles may create significantly larger responses. These 
findings are consistent with other work on skewed bridges (Maleki 2002 and Bjornsson 
1997). A clear negative trend is seen for the median values with respect to the number of 
spans. A zero degree bridge drops from 0.95 and 0.68 g from two to five spans with a 45 
degree bridge dropping from 1.06 to 0.79 g.  
A complete look at the median trend with respect to both skew and span is found 
in Figure 10, which presents a 3D graph of the data for the complete damage state. In 
order to identify a well-behaved surface, the data is split between the lower and higher  
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Table 4. Median and dispersion fragility values for all skew and span bridge 
configurations at the slight, moderate, extensive, and complete damage states. 
 
          Slight Moderate Extensive Complete No. 
Spans 
Skew 
Angle 
(degrees) med (g)    disp     med (g)    disp     med (g)   disp     med (g)   disp 
0 0.259 0.494 0.492 0.451 0.647 0.468 0.954 0.497 
5 0.255 0.479 0.481 0.443 0.628 0.458 0.932 0.497 
10 0.256 0.481 0.481 0.435 0.627 0.459 0.932 0.501 
15 0.255 0.482 0.476 0.438 0.625 0.461 0.929 0.506 
22.5 0.257 0.473 0.475 0.433 0.624 0.457 0.938 0.501 
30 0.270 0.468 0.517 0.439 0.674 0.463 1.031 0.499 
37.5 0.268 0.476 0.508 0.440 0.660 0.462 1.033 0.496 
2 
45 0.264 0.456 0.503 0.434 0.663 0.461 1.061 0.482 
0 0.238 0.467 0.444 0.432 0.579 0.461 0.858 0.516 
5 0.234 0.454 0.434 0.418 0.561 0.446 0.826 0.502 
10 0.232 0.459 0.435 0.410 0.564 0.446 0.833 0.514 
15 0.231 0.464 0.437 0.417 0.572 0.454 0.839 0.517 
22.5 0.230 0.457 0.439 0.422 0.571 0.451 0.847 0.519 
30 0.244 0.443 0.470 0.414 0.610 0.440 0.944 0.499 
37.5 0.239 0.441 0.469 0.410 0.616 0.444 0.984 0.498 
3 
45 0.212 0.435 0.418 0.410 0.550 0.432 0.923 0.471 
0 0.216 0.483 0.392 0.453 0.511 0.477 0.723 0.533 
5 0.217 0.489 0.397 0.459 0.518 0.488 0.739 0.541 
10 0.213 0.497 0.393 0.454 0.516 0.482 0.729 0.545 
15 0.209 0.489 0.389 0.458 0.506 0.483 0.722 0.540 
22.5 0.202 0.493 0.373 0.453 0.483 0.481 0.694 0.539 
30 0.226 0.483 0.435 0.454 0.566 0.484 0.853 0.537 
37.5 0.212 0.487 0.415 0.455 0.546 0.482 0.841 0.533 
4 
45 0.187 0.499 0.359 0.478 0.474 0.503 0.781 0.526 
0 0.208 0.508 0.374 0.465 0.486 0.494 0.679 0.547 
5 0.206 0.504 0.371 0.470 0.477 0.496 0.668 0.550 
10 0.203 0.496 0.368 0.469 0.478 0.500 0.675 0.560 
15 0.200 0.503 0.361 0.471 0.467 0.500 0.668 0.553 
22.5 0.197 0.496 0.353 0.475 0.454 0.498 0.640 0.559 
30 0.217 0.487 0.412 0.467 0.537 0.501 0.791 0.546 
37.5 0.206 0.510 0.408 0.479 0.540 0.519 0.829 0.564 
5 
45 0.186 0.524 0.368 0.504 0.491 0.531 0.785 0.558 
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Figure 9. Plot of the system median values with respect to (a) skew and (b) span at the 
complete damage state. 
 
skew values. This separation in the data is due to the sudden decrease in fragility 
associated with the extra column, which starts at a 30 degree skew. Compare the 
responses presented here with the trends found in the component-level fragilities and a 
coupling effect between the longitudinal and transverse directions becomes apparent. The 
components showed that the longitudinal direction becomes less fragile with increasing 
skew while the transverse direction is more fragile. Since the overall system response is 
fairly constant at lower skew angles these two opposing trends appear to balance each 
other at the system level. However, at the higher skew angles the system fragility begins 
to increase, seen by the decreasing median values, indicating that the transverse response 
becomes more dominant. 
The appropriateness of comparing the various skew and span based median values 
is apparent in looking at the system’s dispersion values, presented in Table 4. A visual 
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summary of this information is also presented in Figure 11 with respect to skew in one 
graph and to span in another graph. The trends found in these graphs show that dispersion 
remains nearly constant with respect to skew. The values compared to skew range 
between 0.51 and 0.48 for a two span bridge and 0.56 and 0.55 for a five span bridge. 
Though slight fluctuations in the values do exist it appears fairly random with respect to 
skew which is easily acknowledged as sampling error; a point which is illustrated by 
looking at the surfaces shown in Figure 12 for both the slight and complete damage 
states. In contrast, a noticeable positive trend exists for dispersion values with respect to 
the number of spans. The values in Figure 11(b) range from 0.50 to 0.55 for a zero skew 
bridge between two and five spans and between 0.48 and 0.56 for a 45 degree bridge. A 
slight increase in dispersion values for an increased number of spans is not unexpected 
due to the increased number of components associated with an additional span, thus 
inherently increasing the uncertainty in the system. 
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Figure 10. 3D representation of (a) low and (b) high skew system fragility values for the 
complete damage state 
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(a) (b) 
Figure 11. Plot of the system dispersion values with respect to (a) skew and (b) span at 
the complete damage state 
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Figure 12. 3D representation of (a) slight and (b) complete damage state system 
dispersion values 
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HAZUS-MH currently has guidelines for the development of fragility curves for 
various types of bridges found throughout the United States. The median values for these 
fragility curves are obtained based on bridge class (i.e. infinite number of spans and zero 
degree skew) and then modified due to skew angle and number of spans. The approach in 
this study is to also modify, through multiplication factors, the base bridge, which is 
considered to be a three-span zero skew bridge. The base bridge for this study is selected 
because it is the most frequently occurring bridge in the region (Nielson 2005). In order 
to compare the fragility curves presented by this study and those proposed in HAZUS-
MH a regression analysis is performed on the median fragility values of Table 4. The 
results of this regression analysis show that for the variable skew, median values do not 
significantly change at lower skew angle values. Thus, for angles less than 30 degrees a 
modification factor (Fskew) of 1.0 is proposed. However, there is a noticeable change at 
angles 30 degrees and higher. Equation 2 presents the proposed skew angle modification 
factor for both ranges of skew. 
1.0                                    for 30deg
0.14 1.03 sin(90 )     for 30deg
skewF
θ
θ θ
<
=
+ − ≥
 (2) 
Where θ is the skew angle measured in degrees. The R2 value for the regressed equation 
is 0.24. The change in the substructure assumed for higher skew angles is taken into 
account with this equation. Therefore, a value greater than 1 is found for a 30 degree 
skew, due to the decreased fragility associated with an extra column. The trends from this 
modification factor agree fairly well with those proposed by HAZUS as seen in Figure 
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13(a), though the median values are underestimated by HAZUS. The values presented are 
with respect to skew for a base three span bridge at the extensive damage state. 
A second factor (Fspans) is proposed to take into account the number of spans. 
Using a base bridge of three spans, a regression with an R2 value of 0.92 produced 
Equation 3, 
1.07
0.38
spans
F
N
= +  (3) 
where N is taken as the number of spans in the bridge. Unlike the skew modification 
factor, the span modification factor is very different from that proposed by HAZUS-MH. 
Due to the HAZUS equation being based on an infinite-span bridge having a factor of 
one, as compared to the proposed equation being normalized for a three span bridge (i.e. 
Fspans=3 = 1.0), a direct comparison of modification values is difficult. But an interesting 
note is that from the HAZUS equation, a 20 percent adjustment factor exists between a 
two span and an infinite span bridge. In contrast, this study suggests there is as much as a 
62 percent adjustment factor between the two extremes. The effect of span number on 
fragility median values is severely underestimated by the HAZUS equation, as illustrated 
by the much steeper slope in Figure 13(b). The values obtained from the proposed 
equation use base median values for a zero degree bridge. For the span based figure 
(13b), a zero degree skew bridge under an extensive damage state is compared. Keep in 
mind that the values originally provided in HAZUS were based on PGA (Basoz and 
Mander 1999) and as such, a direct comparison with this study’s PGA based values is 
appropriate. 
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Figure 13. Comparison of the median fragility values between the actual values 
obtained from the time history analysis, the values obtained by the proposed equation, 
and the values proposed by HAZUS based on (a) skew for a three span bridge and (b) 
span for a zero skew bridge 
 
 Due to the large variability associated with the skew modification equation, using 
the median fragility values developed from the study is suggested. If a quicker 
assessment is desired, this study suggests calculating a bridges median fragility value 
using both modification factors shown in Equation 4, though the results obtained may not 
be ideal; 
3 / 0Span Skew span DegreeMV F F MV − −= × ×  (4) 
where MV3-span/0-degree is the median fragility value for the 3-span, zero degree skew 
bridge corresponding to the desired damage state. Figure 14 presents a comparison of the 
median fragility values calculated from Equation 4 and those presented in the study. For 
clarity only the slight and complete damage states are shown for all number of spans 
studied. These plots show that the calculated values agree with the actual values obtained 
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from the dynamic analysis for the slight damage state. More variation is seen for the 
complete damage state, but at the higher skew angles much of this variation leads to 
conservative estimates with lower median values. Note that the fragility values developed 
in this study and the proposed modification factors are for a general bridge class, and are 
not reasonable estimates of the fragility of individual bridges.  
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Figure 14. Comparison of median fragility values obtained from the model and 
calculated using Equation 4 at the slight and complete damage states for (a) 2 (b) 3 (c) 4 
and (d) 5 span bridges. 
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Conclusion 
This study presents analytical fragility curves for skewed multi-span simply 
supported steel girder bridges typical to the Central and Southeastern United States. To 
obtain these fragility curves a set of full time history analyses is conducted on a 3D non-
linear finite element model. The component level fragility values indicate that the 
longitudinal direction of the bridge experiences decreasing fragility with increasing skew. 
This is in contrast to the transverse direction displaying increasing fragility. This 
relationship explains the results seen in the system and column fragilities. The median 
system values are relatively constant at low skew angles, with a negative trend appearing 
at higher skew angles. Therefore, a correlation exists between the longitudinal and 
transverse direction that becomes more pronounced at higher skew angles. No apparent 
relationship is seen in the dispersion values, which remain fairly constant at all skew 
angle values.  
The number of spans has a significant impact on the overall response of the bridge 
system. A distinct negative trend exists between the number of spans and median fragility 
values. The increase in the number of spans, and therefore an increase in the number of 
components contributing to the bridge fragility, causes an increase in the fragility of the 
overall bridge system. Likewise, the number of spans also causes an increase in the 
dispersion values associated with the bridges fragility.  
From these trends, two modification factors based on skew angle (Fskew) and the 
number of spans (Fspans) are proposed. One must keep in mind that they are developed 
using full 3-D dynamic analyses. The trend shown by the skew modification factor agrees 
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well with that currently proposed in HAZUS-MH, with both showing little change in 
median fragility values at low skew angles. However, at higher skew angles, greater 
penalties are incurred. The equation proposed for skew is based on the practical 
assumption that the substructure of a larger skew bridge will be different from a bridge 
with lower skew, and is therefore likely to be stiffer. The factor proposed for span (Fspans) 
does not agree well with that presented by HAZUS-MH. The discrepancy is believed to 
result from one method using a non-linear static approach while the current study uses a 
full dynamic approach. As part of this study, these two new modification equations are 
proposed for use with the standard three-span zero-skew bridge fragility. Future studies 
should look to develop these relationships for other typical bridge types using a similar 
dynamic approach. As more refined fragility models are developed the ensuing estimates 
of risk assessment will become more reliable. 
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CHAPTER FOUR 
CONCLUSIONS 
 Presented in these two studies are the results of a sensitivity analysis with respect 
to skew for a general class of three span skewed simply supported steel girder bridges 
and a fragility analysis of skewed multi-span simply supported steel girder bridges. 
Within the sensitivity study a geometrically consistent bridge is analyzed through a 
modal analysis and a fragility analysis to ascertain the effect of skew in relation to bridge 
response and the effects of two different deck mass modeling schemes. The fragility 
analysis includes a study of component level fragilities for the bearings, columns, and 
abutments in order to understand the patterns found in the system level fragilities. The 
fragility study of the MSSS steel bridge presented median and dispersion fragility values 
with respect to both skew angle and number of spans. Fragility curves for this bridge 
class are presented along with a comparison of the presented fragility values with those 
given by HAZUS-MH. 
 The results of the component-level fragility analysis for the three span bridge 
shows that component fragility decreases with respect to increasing skew in the 
longitudinal direction. In contrast, the transverse direction components experience an 
increase in fragility with increasing skew angles. This trend is further seen in the column 
and system fragility values. At low to moderate skew angles a slight positive trend is seen 
indicating a decrease in fragility, but the trend is so slight as to be considered negligible. 
A steeper negative trend appears at high skew angles, resulting in an overall increase in 
system fragility. The variation in fragility response is due to a coupling effect occurring 
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between the longitudinal and transverse directions. This coupling effect severely affects 
the response of the bridge, therefore accurate modeling is required. Therefore, the 
centerline lumped mass model is not capable of adequately capturing this coupling effect, 
and a distributed mass model is recommended for skewed bridge.  
 The results from the fragility analysis are similar to those presented by the 
sensitivity analysis. Though a significantly smaller treatment of component-level 
fragilities is given, the reciprocal fragility trends are seen for the longitudinal and 
transverse direction. For almost all number of spans and damage states an increase in 
bridge fragility transpires with increasing skew, but it is recommended that these effects 
are negligible for skew angles under 30 degrees. The system fragility also increases with 
respect to an increase in the number of spans. This fragility increase is much larger than 
that associated with increasing skew. Therefore, recommendations for the modification 
factors for skew and number of spans within HAZUS-MH are given. With respect to 
skew, no modification is necessary for skew angles less than 30 degrees, and a 
comparable reduction factor is proposed as that already presented by HAZUS. But the 
HAZUS equations drastically underestimate the effect the number of spans contributes to 
bridge fragility, therefore much larger reduction factors are proposed.  
 
 65
 
 
 
 
 
 
 
 
 
APPENDICES 
 66
Appendix A 
Geometric and Material Property Values Assigned to the 48 Bridge Configurations 
Table A-1. Geometric and material properties assigned to the 48 bridge configurations. 
 
Config. 
Number Concrete Steel 
COF* 
Exp_long 
COF* 
Exp_trans 
COF* 
Fxd_long 
COF* 
Fxd_trans 
Bearing 
Stiffness 
 (ksi) (ksi)     (factor) 
1 5.52 73.04 0.01 0.08 0.28 0.25 0.56 
2 4.41 76.26 0.04 0.15 0.24 0.16 1.25 
3 5.18 68.86 0.03 0.14 0.21 0.8 1.02 
4 6.02 64.7 0.04 0.06 0.17 0.65 0.57 
5 5.15 59.56 0.04 0.12 0.22 0.34 1.03 
6 5.04 62.26 0.04 0.09 0.24 0.3 0.72 
7 4.08 67.03 0.02 0.17 0.36 0.37 1.08 
8 4.53 67.8 0.04 0.08 0.35 0.28 0.63 
9 6.34 64.42 0.12 0.08 0.15 0.34 0.73 
10 4.61 70.75 0.06 0.14 0.21 0.3 1.45 
11 4.33 70.66 0.05 0.07 0.17 0.2 1.13 
12 4.75 65.4 0.05 0.06 0.52 0.31 0.51 
13 4.29 68.11 0.07 0.21 0.31 0.43 0.65 
14 4.25 66.34 0.06 0.19 0.27 0.26 0.81 
15 5.6 65.32 0.01 0.05 0.09 0.32 0.85 
16 4.05 72.57 0.03 0.05 0.13 0.11 1.33 
17 5.42 76.06 0.04 0.35 0.29 1.01 1.27 
18 5.26 71.73 0.08 0.12 0.3 0.77 0.59 
19 5.22 69.98 0.05 0.1 0.14 0.42 0.79 
20 3.88 68.58 0.03 0.2 0.2 0.48 0.89 
21 4.95 68.39 0.02 0.16 0.42 0.38 1.5 
22 4.7 75.01 0.03 0.11 0.33 0.5 1.15 
23 3.67 64.9 0.05 0.1 0.12 0.54 1.31 
24 5.41 61.62 0.06 0.18 0.17 0.54 1.19 
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Table A-1 (cont.). Geometric and material properties assigned to the 48 bridge 
configurations. 
 
Config. 
Number Concrete Steel 
COF* 
Exp_long 
COF* 
Exp_trans 
COF* 
Fxd_long 
COF* 
Fxd_trans 
Bearing 
Stiffness 
 (ksi) (ksi)     (factor) 
25 4.83 67.41 0.05 0.05 0.18 0.39 0.99 
26 4.45 65.83 0.03 0.09 0.62 0.33 1.48 
27 5.81 66.16 0.03 0.11 0.26 0.21 1.34 
28 4.55 63.49 0.03 0.07 0.32 0.18 1.41 
29 5.58 64 0.03 0.11 0.25 0.24 1.05 
30 5.66 61.36 0.07 0.15 0.19 0.7 1.09 
31 4.88 66.7 0.09 0.24 0.14 0.45 0.94 
32 4.8 71.23 0.05 0.11 0.11 0.36 0.53 
33 4.99 57.21 0.04 0.1 0.38 0.4 0.87 
34 5.29 63.21 0.04 0.03 0.47 0.35 1.17 
35 5.34 69.47 0.02 0.14 0.23 0.58 1.21 
36 4.99 82.41 0.02 0.08 0.16 0.46 0.69 
37 3.37 67.19 0.06 0.06 0.41 0.28 0.67 
38 3.94 73.42 0.02 0.13 0.22 0.69 0.96 
39 4.68 69.16 0.04 0.08 0.12 0.56 0.92 
40 5.92 60.01 0.08 0.1 0.19 0.26 0.91 
41 4.9 70.07 0.04 0.09 0.13 0.2 1.12 
42 4.39 60.83 0.04 0.04 0.16 0.23 1.37 
43 4.19 62.48 0.06 0.23 0.15 0.22 1.43 
44 4.5 63.02 0.02 0.06 0.19 0.44 1.27 
45 4.65 72.21 0.1 0.09 0.1 0.15 0.77 
46 5.12 57.81 0.02 0.07 0.08 0.51 0.62 
47 5.07 77.39 0.03 0.07 0.07 0.62 0.77 
48 4.77 74.31 0.06 0.13 0.25 1.4 1.38 
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Table A-1 (cont.). Geometric and material properties assigned to the 48 bridge 
configurations 
 
Config. 
Number 
Passive 
Stiffness 
Active 
Stiffness 
Rotational 
Stiffness 
Transverse 
Stiffness Mass Damping 
Abut_gap 
Left 
 (k/in/in) (k/pile) (k/in/pile (k/pile) (pct)  (in) 
1 3.84 35.94 1462.49 22.16 1.08 0.052 1.65 
2 2.31 43.32 588.61 56.73 0.94 0.07 1.22 
3 1.82 59.61 500.43 25.03 1.03 0.062 1.85 
4 2.5 49.5 1428.51 49.9 0.96 0.046 1.85 
5 3 42.4 977.86 29.31 1.04 0.066 1.39 
6 2.75 54.66 984.59 45.1 1.06 0.024 1.6 
7 1.84 38.79 1340.75 59.19 0.93 0.046 1.46 
8 2.9 28.86 1441.27 41.8 0.97 0.064 1.07 
9 4.06 46.85 578.4 51.68 1.01 0.059 1.98 
10 1.97 51.54 1072.67 56.63 0.96 0.036 1.11 
11 2.95 30.36 1019.34 41.46 1 0.054 1.61 
12 3.55 35.55 1375.93 31.75 1.09 0.043 1.43 
13 2.55 43.67 1027.89 36.57 1.07 0.028 1.49 
14 3.22 20.19 837.95 43.52 0.91 0.039 1.29 
15 2.29 23.62 819.23 37.8 1.05 0.035 1.72 
16 3.98 29.79 665.4 51.62 0.95 0.058 1.33 
17 2.21 58.35 1372.49 47.84 1.01 0.018 1.01 
18 3.79 27.93 793.65 32.95 1.09 0.044 1.56 
19 3.04 31.29 1401.08 33.91 1.05 0.041 1.48 
20 1.73 55.77 953.11 43.22 1.02 0.075 1.78 
21 4.13 41 929.06 21.42 0.97 0.033 1.69 
22 2.37 48.57 1130.83 38.78 0.95 0.051 1.5 
23 3.71 32.56 857.11 35.34 1.04 0.048 1.41 
24 3.86 53.31 687.64 55.81 0.99 0.049 1.35 
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Table A-1 (cont.). Geometric and material properties assigned to the 48 bridge 
configurations. 
 
Config. 
Number 
Passive 
Stiffness 
Active 
Stiffness 
Rotational 
Stiffness 
Transverse 
Stiffness Mass Damping 
Abut_gap 
Left 
 (k/in/in) (k/pile) (k/in/pile (k/pile) (pct)  (in) 
25 2.84 23.2 1210.01 34.8 1.09 0.047 1.58 
26 2.57 50.38 781.29 54.26 1.07 0.05 1.66 
27 2.45 57.9 1265.24 39.18 0.94 0.035 1.19 
28 3.09 37.68 681.24 53.65 0.98 0.032 1.31 
29 2.02 45.62 744.64 52.72 0.92 0.053 1.25 
30 2.69 44.76 546.78 26.78 1.06 0.044 1.54 
31 2.05 24.61 1085.46 46.3 1.04 0.039 1.46 
32 3.15 34.78 1200.19 50.1 1.02 0.041 1.52 
33 3.32 32.03 1043.11 47.41 0.93 0.049 1.57 
34 1.71 27.27 1237.27 20.04 1.01 0.038 1.61 
35 4.1 22.27 524.13 28.21 1.06 0.023 1.37 
36 3.63 37.29 883.48 30.07 1.1 0.037 1.74 
37 1.92 54.04 1161.18 58.9 0.99 0.026 1.63 
38 3.43 55.89 1179.31 48.4 0.93 0.048 1.17 
39 3.93 51.79 757.87 31.43 0.98 0.06 1.26 
40 2.17 21.18 908.11 44.31 1 0.042 1.53 
41 3.49 46.62 1494.96 24.67 0.92 0.055 1.42 
42 3.69 57.09 1105.3 28.46 0.91 0.03 1.92 
43 2.62 26.61 1296.44 58.1 1.03 0.04 1.68 
44 2.09 47.53 622.67 26.4 0.91 0.042 1.8 
45 2.77 25.08 629.36 23.83 0.9 0.055 1.75 
46 3.28 40.04 719.05 40.8 1 0.052 1.38 
47 3.38 34.02 1324.58 22.73 1.08 0.056 1.32 
48 3.55 39.53 1287.74 37.2 0.96 0.031 1.45 
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Table A-1 (cont.). Geometric and material properties assigned to the 48 bridge 
configurations. 
 
Config. 
Number 
Abut_gap 
Right 
Hinge_gap 
Left 
Hinge_gap 
Right 
Load 
Direction 
Bridge 
Number 
EQ 
Number 
Skew 
Angle 
 (in) (in) (in) (deg) †,‡  (deg) 
1 1.93 0.76 1.05 151 7 18 Varies 
2 1.55 1.04 0.82 204 5 45 Varies 
3 1.43 1.02 0.75 165 7 2 Varies 
4 1.53 0.89 0.7 331 3 25 Varies 
5 1.33 0.99 1.15 223 3 33 Varies 
6 1.49 0.87 0.77 121 1 3 Varies 
7 1.71 1.05 1.29 131 7 31 Varies 
8 1.76 0.98 1.2 6 8 7 Varies 
9 1.29 1.2 1.12 113 5 37 Varies 
10 1.74 0.88 1.08 242 3 14 Varies 
11 1.5 1.07 0.97 10 6 32 Varies 
12 1.34 1.12 1.28 150 5 41 Varies 
13 1.67 1.17 0.9 138 7 42 Varies 
14 1.26 0.73 1.15 31 1 34 Varies 
15 2.01 1.03 1.04 81 5 38 Varies 
16 1.11 0.86 0.92 181 8 11 Varies 
17 1.38 0.92 1.07 315 8 44 Varies 
18 1.55 0.77 0.92 272 4 17 Varies 
19 1.48 0.69 0.97 279 1 5 Varies 
20 1.2 1.1 0.85 350 8 40 Varies 
21 1.62 1.16 1.48 178 7 27 Varies 
22 1.59 1.11 1.26 292 4 39 Varies 
23 1.49 1.24 0.9 304 3 26 Varies 
24 1.57 1.09 1.1 316 5 10 Varies 
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Table A-1 (cont.). Geometric and material properties assigned to the 48 bridge 
configurations. 
 
Config. 
Number 
Abut_gap 
Right 
Hinge_gap 
Left 
Hinge_gap 
Right 
Load 
Direction 
Bridge 
Number 
EQ 
Number 
Skew 
Angle 
 (in) (in) (in) (deg) †,‡  (deg) 
25 1.64 0.93 0.93 326 5 36 Varies 
26 1.25 0.97 1.08 66 3 20 Varies 
27 1.69 0.79 1.19 50 6 43 Varies 
28 1.01 0.56 0.83 87 1 6 Varies 
29 1.51 0.83 1.14 25 1 30 Varies 
30 1.39 0.9 1.16 44 8 47 Varies 
31 1.35 1.08 1.03 55 4 13 Varies 
32 1.22 1.18 0.52 358 6 9 Varies 
33 1.6 1.27 0.8 253 4 24 Varies 
34 1.4 0.82 1.03 263 2 16 Varies 
35 1.09 0.94 0.84 94 2 19 Varies 
36 1.81 1 1 217 7 23 Varies 
37 1.37 1.06 1.02 338 4 48 Varies 
38 1.82 1 0.99 226 2 28 Varies 
39 1.45 1.02 0.87 160 2 1 Varies 
40 1.3 1.33 0.95 262 6 29 Varies 
41 1.17 0.96 0.96 105 6 4 Varies 
42 1.79 1.23 0.99 299 6 8 Varies 
43 1.66 0.92 1.22 100 2 15 Varies 
44 1.88 0.95 0.94 74 3 22 Varies 
45 1.45 1.14 1.06 22 1 35 Varies 
46 1.7 1.13 1.11 240 4 21 Varies 
47 1.58 0.84 0.74 199 2 46 Varies 
48 1.43 1.42 0.88 188 8 12 Varies 
* COF – Coefficient of Friction 
† Refer to Table 3.1 for corresponding bridge number properties 
‡ These bridge numbers are only used for the fragility study, the sensitivity study uses the  
same geometric configuration as discussed above 
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Appendix B 
Analytical Fragility Curves 
B.1 Sensitivity Study Fragility Curves 
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Figure B-1. Fragility curves for the moderate damage state 
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Figure B-2. Fragility curves for the extensive damage state 
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B.2 Fragility Study Fragility Curves 
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Figure B-3. Fragility curves for (a) slight (b) moderate (c) extensive and (d) complete 
damage states for a 2 span bridge 
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(c) (d) 
Figure B-4. Fragility curves for (a) slight (b) moderate (c) extensive and (d) complete 
damage states for a 3 span bridge 
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Figure B-5. Fragility curves for (a) slight (b) moderate (c) extensive and (d) complete 
damage states for a 4 span bridge 
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Figure B-6. Fragility curves for (a) slight (b) moderate (c) extensive and (d) complete 
damage states for a 5 span bridge 
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Appendix C 
Component Median and Dispersion Values for the Fragility Study 
Table C-1. Column median and dispersion values 
Slight Moderate Extensive Complete 
Span Skew med (g)     disp     med (g)     disp      med (g)     disp      med (g)    disp 
0 0.478 0.552 0.680 0.509 0.988 0.580 1.317 0.585 
5 0.465 0.547 0.657 0.505 0.948 0.574 1.258 0.579 
10 0.464 0.548 0.654 0.506 0.942 0.575 1.247 0.580 
15 0.465 0.550 0.655 0.509 0.942 0.577 1.246 0.582 
22.5 0.466 0.555 0.654 0.514 0.938 0.580 1.239 0.585 
30 0.552 0.553 0.778 0.512 1.120 0.579 1.483 0.584 
37.5 0.551 0.547 0.774 0.506 1.109 0.573 1.462 0.578 
2 
45 0.568 0.536 0.798 0.495 1.144 0.563 1.510 0.568 
0 0.427 0.556 0.607 0.512 0.882 0.583 1.176 0.589 
5 0.416 0.543 0.589 0.500 0.853 0.571 1.133 0.576 
10 0.421 0.552 0.599 0.508 0.871 0.580 1.161 0.585 
15 0.420 0.562 0.597 0.519 0.869 0.589 1.159 0.594 
22.5 0.422 0.561 0.602 0.517 0.878 0.589 1.173 0.594 
30 0.494 0.545 0.703 0.500 1.021 0.573 1.361 0.578 
37.5 0.510 0.554 0.728 0.510 1.063 0.583 1.422 0.588 
3 
45 0.481 0.532 0.677 0.490 0.971 0.559 1.283 0.564 
0 0.338 0.560 0.473 0.521 0.677 0.585 0.893 0.590 
5 0.345 0.569 0.488 0.528 0.706 0.596 0.939 0.601 
10 0.342 0.573 0.484 0.532 0.699 0.599 0.929 0.604 
15 0.338 0.576 0.479 0.536 0.692 0.602 0.920 0.607 
22.5 0.326 0.571 0.458 0.533 0.656 0.596 0.865 0.601 
30 0.409 0.574 0.581 0.533 0.842 0.601 1.122 0.606 
37.5 0.402 0.579 0.570 0.539 0.825 0.606 1.098 0.611 
4 
45 0.378 0.571 0.528 0.533 0.752 0.595 0.987 0.600 
0 0.314 0.573 0.438 0.537 0.622 0.597 0.815 0.602 
5 0.311 0.576 0.434 0.539 0.617 0.600 0.809 0.604 
10 0.310 0.580 0.432 0.543 0.615 0.603 0.807 0.608 
15 0.306 0.582 0.426 0.545 0.607 0.605 0.797 0.610 
22.5 0.296 0.587 0.411 0.552 0.582 0.610 0.761 0.614 
30 0.369 0.584 0.521 0.545 0.750 0.610 0.995 0.615 
37.5 0.376 0.603 0.536 0.563 0.781 0.629 1.044 0.634 
5 
45 0.358 0.607 0.507 0.569 0.733 0.632 0.972 0.637 
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Table C-2. Longitudinal fixed bearing median and dispersion values 
 
Slight Moderate Extensive Complete 
Span Skew med (g)     disp     med (g)     disp      med (g)     disp      med (g)    disp 
0 0.313 0.453 0.559 0.453 0.780 0.492 1.634 0.537 
5 0.308 0.439 0.548 0.439 0.763 0.480 1.591 0.525 
10 0.304 0.431 0.543 0.431 0.757 0.472 1.586 0.519 
15 0.300 0.427 0.538 0.427 0.754 0.469 1.592 0.517 
22.5 0.296 0.435 0.533 0.435 0.748 0.477 1.589 0.525 
30 0.307 0.448 0.559 0.448 0.789 0.491 1.697 0.539 
37.5 0.306 0.449 0.554 0.449 0.780 0.491 1.666 0.538 
2 
45 0.320 0.480 0.589 0.480 0.836 0.521 1.820 0.568 
0 0.289 0.408 0.504 0.408 0.693 0.448 1.410 0.493 
5 0.283 0.384 0.490 0.384 0.673 0.426 1.363 0.472 
10 0.279 0.373 0.489 0.373 0.676 0.418 1.385 0.467 
15 0.279 0.382 0.498 0.382 0.696 0.428 1.462 0.479 
22.5 0.281 0.374 0.510 0.374 0.720 0.424 1.546 0.478 
30 0.288 0.375 0.526 0.375 0.743 0.425 1.603 0.480 
37.5 0.292 0.379 0.539 0.379 0.767 0.431 1.678 0.487 
3 
45 0.284 0.365 0.515 0.365 0.725 0.416 1.551 0.470 
0 0.277 0.402 0.476 0.402 0.651 0.441 1.301 0.484 
5 0.274 0.404 0.477 0.404 0.657 0.445 1.334 0.490 
10 0.269 0.397 0.472 0.397 0.652 0.440 1.336 0.486 
15 0.264 0.396 0.467 0.396 0.648 0.439 1.344 0.488 
22.5 0.252 0.399 0.447 0.399 0.622 0.443 1.294 0.491 
30 0.277 0.415 0.511 0.415 0.727 0.463 1.590 0.515 
37.5 0.265 0.423 0.490 0.423 0.697 0.470 1.529 0.522 
4 
45 0.259 0.420 0.477 0.420 0.677 0.467 1.480 0.519 
0 0.273 0.404 0.469 0.404 0.640 0.443 1.280 0.486 
5 0.267 0.403 0.461 0.403 0.632 0.443 1.271 0.487 
10 0.262 0.403 0.458 0.403 0.632 0.444 1.289 0.490 
15 0.254 0.401 0.444 0.401 0.614 0.443 1.258 0.489 
22.5 0.245 0.408 0.435 0.408 0.606 0.451 1.261 0.498 
30 0.267 0.425 0.491 0.425 0.699 0.472 1.527 0.523 
37.5 0.267 0.444 0.502 0.444 0.723 0.492 1.627 0.545 
5 
45 0.259 0.458 0.490 0.458 0.707 0.505 1.597 0.557 
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Table C-3. Transverse fixed bearing median and dispersion values 
 
Slight Moderate Extensive Complete 
Span Skew med (g)     disp     med (g)     disp      med (g)     disp      med (g)    disp 
0 0.500 0.501 0.890 0.501 1.241 0.537 2.595 0.577 
5 0.470 0.459 0.838 0.459 1.169 0.499 2.451 0.543 
10 0.451 0.443 0.813 0.443 1.141 0.485 2.426 0.532 
15 0.421 0.424 0.756 0.424 1.059 0.467 2.239 0.515 
22.5 0.388 0.411 0.705 0.411 0.994 0.457 2.134 0.508 
30 0.392 0.446 0.726 0.446 1.034 0.491 2.272 0.541 
37.5 0.352 0.449 0.662 0.449 0.951 0.496 2.129 0.548 
2 
45 0.313 0.435 0.583 0.435 0.834 0.482 1.847 0.534 
0 0.448 0.501 0.817 0.501 1.154 0.539 2.485 0.583 
5 0.406 0.444 0.728 0.444 1.020 0.486 2.154 0.532 
10 0.389 0.435 0.705 0.435 0.994 0.478 2.126 0.526 
15 0.364 0.419 0.664 0.419 0.939 0.465 2.027 0.516 
22.5 0.328 0.474 0.613 0.474 0.879 0.518 1.956 0.567 
30 0.313 0.473 0.593 0.473 0.855 0.519 1.931 0.570 
37.5 0.283 0.473 0.557 0.473 0.823 0.524 1.957 0.581 
3 
45 0.237 0.444 0.460 0.444 0.674 0.497 1.574 0.554 
0 0.389 0.529 0.697 0.529 0.976 0.564 2.060 0.604 
5 0.389 0.529 0.711 0.529 1.006 0.566 2.175 0.609 
10 0.372 0.511 0.686 0.511 0.975 0.551 2.132 0.595 
15 0.342 0.484 0.625 0.484 0.884 0.524 1.911 0.569 
22.5 0.298 0.476 0.545 0.476 0.770 0.517 1.662 0.563 
30 0.298 0.504 0.572 0.504 0.833 0.549 1.918 0.600 
37.5 0.260 0.495 0.521 0.495 0.777 0.547 1.888 0.604 
4 
45 0.220 0.500 0.440 0.500 0.655 0.551 1.589 0.608 
0 0.395 0.533 0.718 0.533 1.014 0.569 2.179 0.611 
5 0.368 0.524 0.664 0.524 0.933 0.560 1.986 0.601 
10 0.353 0.519 0.645 0.519 0.912 0.557 1.974 0.600 
15 0.327 0.496 0.594 0.496 0.838 0.535 1.802 0.579 
22.5 0.292 0.480 0.533 0.480 0.755 0.521 1.632 0.567 
30 0.288 0.510 0.547 0.510 0.792 0.554 1.801 0.602 
37.5 0.258 0.523 0.525 0.523 0.791 0.574 1.965 0.632 
5 
45 0.219 0.527 0.457 0.527 0.698 0.582 1.786 0.642 
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Table C-4. Longitudinal expansion bearing median and dispersion values 
 
Slight Moderate Extensive Complete 
Span Skew med (g)     disp     med (g)     disp      med (g)     disp      med (g)    disp 
0 0.388 0.595 0.855 0.564 1.050 0.586 1.339 0.625 
5 0.386 0.595 0.846 0.564 1.038 0.587 1.322 0.625 
10 0.388 0.603 0.855 0.572 1.051 0.594 1.340 0.633 
15 0.389 0.608 0.861 0.578 1.059 0.600 1.353 0.638 
22.5 0.395 0.611 0.879 0.580 1.083 0.603 1.385 0.641 
30 0.430 0.589 0.923 0.560 1.126 0.581 1.425 0.618 
37.5 0.443 0.584 0.944 0.556 1.149 0.576 1.451 0.613 
2 
45 0.466 0.577 0.987 0.549 1.200 0.569 1.513 0.605 
0 0.334 0.642 0.757 0.612 0.937 0.634 1.205 0.673 
5 0.324 0.634 0.723 0.605 0.891 0.626 1.141 0.664 
10 0.324 0.640 0.722 0.610 0.889 0.632 1.138 0.669 
15 0.323 0.644 0.721 0.615 0.889 0.636 1.138 0.673 
22.5 0.327 0.640 0.730 0.611 0.900 0.632 1.153 0.669 
30 0.371 0.619 0.820 0.589 1.009 0.611 1.288 0.648 
37.5 0.394 0.622 0.879 0.591 1.084 0.613 1.388 0.651 
3 
45 0.407 0.597 0.884 0.567 1.082 0.589 1.374 0.626 
0 0.302 0.673 0.686 0.643 0.850 0.665 1.095 0.702 
5 0.301 0.682 0.689 0.653 0.854 0.674 1.102 0.711 
10 0.297 0.681 0.675 0.653 0.836 0.674 1.077 0.710 
15 0.291 0.672 0.663 0.643 0.821 0.664 1.057 0.701 
22.5 0.293 0.669 0.662 0.640 0.819 0.661 1.053 0.697 
30 0.348 0.658 0.782 0.629 0.965 0.650 1.238 0.686 
37.5 0.360 0.654 0.810 0.625 1.000 0.646 1.283 0.683 
4 
45 0.375 0.642 0.833 0.613 1.026 0.634 1.312 0.671 
0 0.287 0.685 0.656 0.656 0.814 0.678 1.049 0.714 
5 0.286 0.693 0.655 0.664 0.812 0.685 1.048 0.722 
10 0.287 0.701 0.660 0.672 0.820 0.693 1.060 0.730 
15 0.284 0.698 0.647 0.669 0.802 0.690 1.033 0.726 
22.5 0.282 0.688 0.630 0.661 0.777 0.680 0.996 0.715 
30 0.339 0.676 0.766 0.648 0.947 0.668 1.217 0.704 
37.5 0.363 0.685 0.834 0.655 1.035 0.677 1.338 0.714 
5 
45 0.374 0.670 0.842 0.641 1.041 0.662 1.337 0.698 
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Table C-5. Transverse expansion bearing median and dispersion values 
 
Slight Moderate Extensive Complete 
Span Skew med (g)     disp     med (g)     disp      med (g)     disp      med (g)    disp 
0 0.639 0.468 1.461 0.468 2.354 0.544 N/A* N/A* 
5 0.601 0.407 1.367 0.407 2.195 0.492 N/A* N/A* 
10 0.584 0.451 1.402 0.451 2.321 0.538 N/A* N/A* 
15 0.552 0.458 1.351 0.458 2.262 0.548 N/A* N/A* 
22.5 0.497 0.460 1.248 0.460 2.120 0.554 N/A* N/A* 
30 0.509 0.512 1.341 0.512 2.343 0.606 N/A* N/A* 
37.5 0.470 0.497 1.254 0.497 2.205 0.596 N/A* N/A* 
2 
45 0.352 0.462 0.826 0.462 1.350 0.543 N/A* N/A* 
0 0.605 0.487 1.438 0.487 2.369 0.567 N/A* N/A* 
5 0.544 0.430 1.249 0.430 2.014 0.512 N/A* N/A* 
10 0.529 0.431 1.243 0.431 2.034 0.517 N/A* N/A* 
15 0.515 0.465 1.265 0.465 2.122 0.554 N/A* N/A* 
22.5 0.484 0.488 1.259 0.488 2.183 0.584 N/A* N/A* 
30 0.438 0.491 1.106 0.491 1.883 0.580 N/A* N/A* 
37.5 0.407 0.520 1.080 0.520 1.894 0.614 N/A* N/A* 
3 
45 0.275 0.513 0.608 0.513 0.960 0.578 N/A* N/A* 
0 0.531 0.463 1.206 0.463 1.935 0.538 N/A* N/A* 
5 0.527 0.475 1.226 0.475 1.994 0.553 N/A* N/A* 
10 0.512 0.487 1.206 0.487 1.973 0.565 N/A* N/A* 
15 0.488 0.472 1.183 0.472 1.971 0.558 N/A* N/A* 
22.5 0.391 0.536 0.925 0.536 1.517 0.608 N/A* N/A* 
30 0.370 0.570 0.881 0.570 1.452 0.640 N/A* N/A* 
37.5 0.315 0.556 0.745 0.556 1.223 0.626 N/A* N/A* 
4 
45 0.220 0.561 0.431 0.561 0.635 0.605 1.502 0.654 
0 0.529 0.489 1.218 0.489 1.967 0.563 N/A* N/A* 
5 0.509 0.507 1.178 0.507 1.908 0.579 N/A* N/A* 
10 0.463 0.519 1.041 0.519 1.660 0.586 N/A* N/A* 
15 0.444 0.504 1.022 0.504 1.652 0.577 N/A* N/A* 
22.5 0.366 0.540 0.821 0.540 1.308 0.604 N/A* N/A* 
30 0.417 0.610 1.094 0.610 1.908 0.690 N/A* N/A* 
37.5 0.301 0.605 0.696 0.605 1.128 0.667 N/A* N/A* 
5 
45 0.231 0.596 0.480 0.596 0.731 0.644 1.863 0.699 
* Values larger than plausible are not presented 
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Table C-6. Passive abutment median and dispersion values 
 
Slight Moderate Extensive Complete 
Span Skew med (g)     disp     med (g)     disp      med (g)     disp      med (g)    disp 
0 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
5 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
10 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
15 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
22.5 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
30 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
37.5 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
2 
45 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
0 2.194 0.619 N/A* N/A* N/A* N/A* N/A* N/A* 
5 1.883 0.595 N/A* N/A* N/A* N/A* N/A* N/A* 
10 1.927 0.617 N/A* N/A* N/A* N/A* N/A* N/A* 
15 1.979 0.636 N/A* N/A* N/A* N/A* N/A* N/A* 
22.5 2.262 0.659 N/A* N/A* N/A* N/A* N/A* N/A* 
30 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
37.5 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
3 
45 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
0 1.525 0.600 N/A* N/A* N/A* N/A* N/A* N/A* 
5 1.815 0.612 N/A* N/A* N/A* N/A* N/A* N/A* 
10 1.592 0.600 N/A* N/A* N/A* N/A* N/A* N/A* 
15 1.614 0.603 N/A* N/A* N/A* N/A* N/A* N/A* 
22.5 1.765 0.645 N/A* N/A* N/A* N/A* N/A* N/A* 
30 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
37.5 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
4 
45 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
0 1.664 0.607 N/A* N/A* N/A* N/A* N/A* N/A* 
5 1.585 0.608 N/A* N/A* N/A* N/A* N/A* N/A* 
10 1.655 0.617 N/A* N/A* N/A* N/A* N/A* N/A* 
15 1.661 0.619 N/A* N/A* N/A* N/A* N/A* N/A* 
22.5 1.747 0.664 N/A* N/A* N/A* N/A* N/A* N/A* 
30 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
37.5 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
5 
45 N/A* N/A* N/A* N/A* N/A* N/A* N/A* N/A* 
* Values larger than plausible are not presented 
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Table C-7. Active abutment median and dispersion values 
 
Slight Moderate Extensive Complete 
Span Skew med (g)     disp     med (g)     disp      med (g)     disp      med (g)    disp 
0 0.654 0.961 N/A* N/A* N/A* N/A* N/A* N/A* 
5 0.693 0.996 N/A* N/A* N/A* N/A* N/A* N/A* 
10 0.718 1.009 N/A* N/A* N/A* N/A* N/A* N/A* 
15 0.757 1.025 N/A* N/A* N/A* N/A* N/A* N/A* 
22.5 0.805 1.039 N/A* N/A* N/A* N/A* N/A* N/A* 
30 0.939 1.058 N/A* N/A* N/A* N/A* N/A* N/A* 
37.5 1.081 1.072 N/A* N/A* N/A* N/A* N/A* N/A* 
2 
45 1.263 1.073 N/A* N/A* N/A* N/A* N/A* N/A* 
0 0.924 1.007 N/A* N/A* N/A* N/A* N/A* N/A* 
5 0.828 0.986 N/A* N/A* N/A* N/A* N/A* N/A* 
10 0.852 1.002 N/A* N/A* N/A* N/A* N/A* N/A* 
15 0.918 1.009 N/A* N/A* N/A* N/A* N/A* N/A* 
22.5 0.923 1.013 N/A* N/A* N/A* N/A* N/A* N/A* 
30 1.055 1.020 N/A* N/A* N/A* N/A* N/A* N/A* 
37.5 1.551 1.097 N/A* N/A* N/A* N/A* N/A* N/A* 
3 
45 1.755 1.085 N/A* N/A* N/A* N/A* N/A* N/A* 
0 0.843 0.999 N/A* N/A* N/A* N/A* N/A* N/A* 
5 0.822 0.993 N/A* N/A* N/A* N/A* N/A* N/A* 
10 0.814 1.003 N/A* N/A* N/A* N/A* N/A* N/A* 
15 0.946 1.061 N/A* N/A* N/A* N/A* N/A* N/A* 
22.5 0.973 1.096 N/A* N/A* N/A* N/A* N/A* N/A* 
30 1.117 1.104 N/A* N/A* N/A* N/A* N/A* N/A* 
37.5 1.477 1.167 N/A* N/A* N/A* N/A* N/A* N/A* 
4 
45 1.686 1.166 N/A* N/A* N/A* N/A* N/A* N/A* 
0 0.761 0.969 N/A* N/A* N/A* N/A* N/A* N/A* 
5 0.804 0.983 N/A* N/A* N/A* N/A* N/A* N/A* 
10 0.839 1.000 N/A* N/A* N/A* N/A* N/A* N/A* 
15 0.857 1.025 N/A* N/A* N/A* N/A* N/A* N/A* 
22.5 0.808 1.020 N/A* N/A* N/A* N/A* N/A* N/A* 
30 1.189 1.139 N/A* N/A* N/A* N/A* N/A* N/A* 
37.5 1.500 1.187 N/A* N/A* N/A* N/A* N/A* N/A* 
5 
45 1.916 1.226 N/A* N/A* N/A* N/A* N/A* N/A* 
* Values larger than plausible are not presented 
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Table C-8. Transverse abutment median and dispersion values 
 
Slight Moderate Extensive Complete 
Span Skew med (g)     disp     med (g)     disp      med (g)     disp      med (g)    disp 
0 1.037 0.822 N/A* N/A* N/A* N/A* N/A* N/A* 
5 0.962 0.838 N/A* N/A* N/A* N/A* N/A* N/A* 
10 0.992 0.871 N/A* N/A* N/A* N/A* N/A* N/A* 
15 0.937 0.850 N/A* N/A* N/A* N/A* N/A* N/A* 
22.5 0.888 0.840 N/A* N/A* N/A* N/A* N/A* N/A* 
30 1.022 0.918 N/A* N/A* N/A* N/A* N/A* N/A* 
37.5 0.966 0.903 N/A* N/A* N/A* N/A* N/A* N/A* 
2 
45 0.823 0.837 N/A* N/A* N/A* N/A* N/A* N/A* 
0 1.429 0.886 N/A* N/A* N/A* N/A* N/A* N/A* 
5 1.110 0.827 N/A* N/A* N/A* N/A* N/A* N/A* 
10 1.035 0.819 N/A* N/A* N/A* N/A* N/A* N/A* 
15 0.942 0.805 N/A* N/A* N/A* N/A* N/A* N/A* 
22.5 0.875 0.823 N/A* N/A* N/A* N/A* N/A* N/A* 
30 0.924 0.851 N/A* N/A* N/A* N/A* N/A* N/A* 
37.5 0.847 0.846 N/A* N/A* N/A* N/A* N/A* N/A* 
3 
45 0.834 0.858 N/A* N/A* N/A* N/A* N/A* N/A* 
0 1.176 0.817 N/A* N/A* N/A* N/A* N/A* N/A* 
5 1.137 0.828 N/A* N/A* N/A* N/A* N/A* N/A* 
10 0.986 0.804 N/A* N/A* N/A* N/A* N/A* N/A* 
15 0.936 0.810 N/A* N/A* N/A* N/A* N/A* N/A* 
22.5 0.865 0.830 N/A* N/A* N/A* N/A* N/A* N/A* 
30 1.002 0.904 N/A* N/A* N/A* N/A* N/A* N/A* 
37.5 0.829 0.881 N/A* N/A* N/A* N/A* N/A* N/A* 
4 
45 0.875 0.930 N/A* N/A* N/A* N/A* N/A* N/A* 
0 1.108 0.804 N/A* N/A* N/A* N/A* N/A* N/A* 
5 1.056 0.816 N/A* N/A* N/A* N/A* N/A* N/A* 
10 1.051 0.822 N/A* N/A* N/A* N/A* N/A* N/A* 
15 0.964 0.827 N/A* N/A* N/A* N/A* N/A* N/A* 
22.5 0.883 0.845 N/A* N/A* N/A* N/A* N/A* N/A* 
30 0.931 0.891 N/A* N/A* N/A* N/A* N/A* N/A* 
37.5 0.881 0.909 N/A* N/A* N/A* N/A* N/A* N/A* 
5 
45 0.936 0.957 N/A* N/A* N/A* N/A* N/A* N/A* 
* Values larger than plausible are not presented 
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Appendix D 
Restoration Timeline for Damage States 
Table D-1. Timeline of percent functionality of bridges for each damage state 
Number of Days 
Damage State 0 1 7 30 
Slight 50 100 100 100 
Moderate 0 50 100 100 
Extensive 0 0 50 50 
Complete 0 0 0 0 
 
 
 
